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20. Continued

first of these Is dhe so-called line-by-lne d!rect irntegration method, which requires
a detailed conmilation of the characteristics of inc~ividual molecular lines. Some
familiar numerical intcge'atlon techniques are used to r:ffect quadrature In the most
convenient ad econo;:ical way.

The sr.,cond of the absorption mel.hoes of calcl.'.tlon presented is the band-
model technique. In this method, the lln, spectruz,, is approximated by some niathe-
matical.y maniputatable distribution function with ,:ndetormined hand-model param-
eters. By comparison of calculated results vith latoratory e,.perimental data the
parameters arc defined, and the band-rnodel i11 used for calculat!:|, transmittance
under any reqired mrt,.,'roi-,-oI:ical conditions.

The third ge(n:ral rct of tkchniques is gi'•.n the heading "Multi-Parameter
Analytical Proceduhres." Tlh,.,e technilaes are dei Ivd from the band-model concept
incorporating a larger nunbcr o! parameters, with presumably gre:ater accuracy in
the resultant calculatio:nst.

The rest of the report is either tutorial or suprortive, presenting details of in7
formation which is required as input to the calcilation procedures. The major Input
is the meteorologi requirul to describe absorber concentrations, pressures, tem-
peratures, and other necessary physical entities.

An assesment is made of the various techniques of calculation in terms of ac-
curacy, comruter time needed to perform calculations, adaptability to specific prob-
lems, and p*'acticality.
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PRE FACE

The IRIA (Infrared Information and An;Jbsis) Center is a Department of 'efense

information and analysis center operated by the Environmental Research Institute of

Michigan (ERIM) under contract to the Office of lraval Research. Its nission is to

collect, analyze, and disseminate to authorized recipients information concerning in-

frared and elcctu--optical rerearch and evel cpment. To this end, the IRIA Center

publishes and distributes IRIA Annotated Bibliographies, the infrared Newsletter,

IRiA Data Compilations, the Proceedings of the Infrared Information Symposia

(Proc IRIS), the proceedings and/or minutes of the meetings of the six Spacialty

Groups of IRIS, IRIA State-of-the-Art Reports, and proceedings of the DOD Confer-

ences on Laser Technology. The center serves as a national reference library in

military infrared technology, offering assistance and advice to visitors hav.ng the

appropriate clearances and need-to-know. Special bibliographies and searches are

prepared for IRIA-IRIS members upon request.

All IRIA-IRIS publications through 1 February 1971 are available frow, the De-

fense Documentation Center (DDC). Since that date, such publications are available

only from the IRIA Center on a service charge basis. Membership in IRIA-IRIS is

available by annual subscription, and includes receipt of documents as they are

published.

Inquiries concerning the annual subscription plan should be directed to:

IRTA Center
Environmental Research Institute of Michigan
P. 0. Box 618
Ann Arbor, Michigan 48107
Telephone (313) 183-0500 Ext. 281

Department of Defense Agencies desiring to join IRIA-IRIS should write:

Office of Naval Research
Boston Branch Office
495 Summer St.
Bojton, MA 02210

Attn: Mr. T. B. Dowd
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FOREWORD

Approximately eight years ago the Environmental Research Institute of

Michigan's (ERIM) Infrared Information and Analysis (IRIA) Center supported, under

contract to the Navy, an effort to produce a State-of-the-Art Report covering methods

of calculatirig atmospheri,: transmittance usivg band-models. In the intervenin;

years many investigators have been busy either 'n improving band-model methods or

producing other techniques for calculating atmospheric transmittance. It was con-

sidered appropriate, therefore, to lavestigate the present state-of-the-art and publish

a report describing it.

The result of this investigation is the Fub~ect matter contalned in this volume.

This effort was also supported through IRIA by the U. S. Navy under ONR Contracts

N00014-73-A-0321-0002 and N00014-74-C-0285. Technical monitor for the project

was Dr. William J. Condcll, Director of the Physics Program, Office of Naval

Research.

This report goes beyond simply demonstrating methods for calclating transmit-

tance. Since the major work described in many of the efforts cited in the report has

been directed toward determining the transfer of radiation in the atmosphere, it was

recognized that the state--of -the-art encompasses the whole concept of radiative

transfer. Vo one has yet solved the total problem of radiative transfer, nor do we

propose to try to show hcw it is done here. We have betn satisfied to separate the

problem into two major categories, that of scattering, aaid that of absorption; and

present an overview of how people are currently trying to achieve results incorporat-

ing the most accurate (or most convenient) approximations in the simplest or least

costly ways possible.

This report differs, then, from the previous one in two important ways. It covers

the entire problem of radiative transfer rather than just transmittance, and it covers

techniques which go beyond mere calculation with more-or-less simple band models.

The cut-off period for the material contained in this report is approximately

mid-19i4.

Because of the assistance they rendered in the compilation of this report, we

would like to acknowledge the efforts of Mrs. Grace Teng for attending to many of

the details of computation and assembly, and Mrs. Rose Coleman for typing the

rough manuscript. We very much appreciate the fact that the manuscript was

5 ,
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critically reviewed by Dr. George Zissis, Dlrertor of IRIA, and by otr.e17 -,:z:d

experts In the field of radiative transfer outside of our laboratory. For their part

in reviewing the irnutcript, we wish to thank Dr. S. Roland Drayson of the U!nkver-

sity of Michigan's Department of Atmospherlc ard, Oceanic SciPni•ce; "i. Aharon

Goldman of the University of Denver's Department of Physics and Astronoa.,y; ZnA-

Dr. Benjamin M. Herman of the University of Arizona's Instltute of Atmospheric

Physics. The responsibility for any discrepancies that have eluded their scrutiny is

naturally assumed by the authors.
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ATMOSPHERIC TRANSMITTANCE AND RADIANCE:
METHODS OF CALCULATIONS

1

INTRODUCTION - DESIGN AND USE OF THE REPORT

1.1 PURPOSE AND SCOPE

This report has th-ee major objectives: .1) to bring current awareness of the various tech-

niques for calculating atr.mospheric transmittance and atmospheric radiance up to date; (2) to

assist the designer of military systems in studies of systems effectiveness; and (3) by as-

sembling a variety of calculation techniques and autxiliary information, to make a report gen-

erally useful in the comparison and assessment of such methods by anyone seeking atmospheric

transmittance and radiance calculations.

It ý'as not intended that the user be able to make calculations directly fron the material

in the report. Although to do so would be very useful, a far greater, and o•bviously infeasible,

effort would have been required than was expended in the construction of this report. Most

of the methods covered require the use of complicated programs, some of which are not

universally available, and would, in addition, probably not be too useful without consultation

or extensive documentation from the originator. On thie other hand, we would hope that it

is possible, on the basis of the material presented here, for the user to choose the technique

best suited to his needs and resources, and make whatever arrangements are needed to per-

form a successful calculation. We do not presume. furthermore, to present complete information

covering the complex field of radiative transfer. This would certainly take the report beyond

its scope, which is to review the state-of-the-art of methods of calculating atmsspherhL trans-

mit'ance and radiance.

1.2 OVERVIEW OF REPORT

Early in 1967, IRIA published its first state-of-the-art report covering atmospheric

phcnomena [1. Since then the activity in this fielc has been considerable; sufficiently so

that the early report no longer describes the state-of-the-art. It is considered timely,

therefore, to ,ipdate the old report which has served a very useful purpose over this span of

eight years. Because of the scope of activfty in this field, this requires, however, more than

just a substitution of new data for old. For example, whereas the old report concentrated

exclusively on the calculation of molecular absorption through the use of band models, we

now also consider the radiative properties of the atmosphere. These are important to the

1. D. Anding, Band Model Methods for Computing, Atmospheric Slant-Path Moiicu!ar Ab-
sorption, Rept. No. 7142-21-T, Willow Run Laboratories of the Institute of Science and
Techrology, University of Michigan, Ann Arbor, 1967.
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field experimenter in the discrimination between signals from discrete radiators and the

atiaosp-Neric background, and to the meteorologist in studies of radiative transfer. This

repori also includes the effect of particles in the atmosphere, both in their effect on simple

extinction of radiation and in multiple scattering.

To d•st!nguish further between this and the original report, the total dependence on band

models for atmospheric absorption has been rendered needless because the old arguments

for avoiding molecular line-by-line calculations aow have less validity. One reason is that

high-speed calculations can be done more cheaply than before since they can be performed

more efficiently with modern hardware and software. Many investigators have developed

elaborate programs for making such calculations. Another reason is that more and better

data are available on line parameters, and more confidence, therefore, can be placed in

their use. By no means, however, have band models been discarded, and they remain the

best methods by which calculations can be made where cost -and time are inportant and some

"accuracy can be compromised.

Persons with erperience in the field of atmospheric phenomena will notice that we have

virtually avwIded the huge mass of European and other foreign literature in assembling this

report. Unfortunately this represents a significant void, especially from the standpoint of

the Russian and Japanese work in this area. Limitations on time and resources, however,

prevented broadening the szope of the effort to Include these valuable additions. The reader

Is referred to the various international conferences, such as the one recently held at the

University ot California [ 2].

Because of the traditional approaches to the study of these atmospheric radiation mech-

anisms, they have come to be more-or-less associated with different spectral regions;

absorption is generally assigned to the Infrared, and scattering to the visible, with some

degree of overlap in the near-infrared region. This disassociation is retained In the report,

and is manifest essentially in the separation of the report Into two parts, one devoted to

molecular absorption, the other to multiple scattering. However, those models which treat

single scattering as just another extinction mechanism to supplement molecular absorption,

retain their Integrity.

This report follows the pattern of the previous state-of-the-art report. Each model Is

presented in as much detail as is needed to describe it amply without overburdening the

report. It is Impossible, in attempting to cover a field that is moving so rapidly and that cuts

2. J.G. Kurlyan (eC.), The UCLA Irternationrl Conference on Radiation and Remote Prob-
ing of the Atmop~lere, UCLA, Loa Angeles, Auguxt 1973.

//0

/ , •20

S, $



4

PFOMERLY WILLOW MUN.. .•ORAOfI[,. TI.q L %I •&f•t1 OF MICHS..=

across so many disciplines, not to have omitted, in some cases, important Irformation*.

Rectifications for such omissions can be made in future up-dating of the state-of-knowledge.

1.3 SECTION-BY-SECTION REVIEWS

1.3.1 SECTION 2. RADIATIVE TRANSFER THEORY

This section is devoted to a treatment of the general equation of radiative transfer. Tha

emphasis in describing the set-up of the equation is toward scattering, because the greatest

complexity in the solution of the equation is in its scattering phame. Indeed, the foremost

facet in the solution of the radiative transfer equation is its geometrical complexity, which

tests the ingenuity of the investigator in attempting to derive cost-saving nmethods of com-

putation which retain an acceptable degree of accuracy.

The tutorial approach to Section 2 was intended to help the uninitiated user to become

sufficiently based in understanding of the essential theory and nomenclature to help him

understand more thoroughly the relatively complex ideas to be presented in later sections.

1.3.2 SECTION 3. METHODS OF CALCULATING RADIATIVE

TRANSFER FOR SCATTERING

Certainly many man-hours of effort have been spent in recent years on the development

of various computational methods for the sol,!tion of radiative-transfer problems. In spite

of all this work, however, there remain many "unsolved" problemr. They are unsolved in

the sense that: (1) an exact mathematical solution may not exist; (2) the computation time is

so long that a reasonably accurate solution is not feasible; or (3) the mathematical formula-

tion of the problem has not been sufficiently developed. Our interest here is not so much

in the specification and analysis of theoretical models of radiative transfer per se, but

rather in the description of reasonable computation methods which can be used in the develop-

ment of or use of a comprehensive atmospheric radiative-transfer model.

*To get some idea of the scope of this subject one need only refer to the bibliography of
Howard and Gazing [ 3], with approximately 750 entries covering only about three years work,
and that of Laulalnen [ 4) with over 1200 entries covering a 30-year period [ 5].

3. J. N. Howard and J. Garing, "Atmospheric Optics and Radiatihe Transfer," E6s, Vol.
52, No. 6, IUGG 371, June 1971.

4. N. Lau:alnen, Project ASTRA, Astronomical and Space Techniques for Resenich on the
Atmosphere, ASTRA Publication No. 18, Unirersity of Wathington, Seattle, 1972.

5. N. LAulainen, "Bibliography of the Spectra of Atmospheric Minor Cases," Alpl. Opt.,
Vol. 12, Mk. 3, 1973, p. 617.
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The computation methods reviewed are as follows:

* 1. exact solulions

2. iterative method

3. spherical harmonics method

4. discrete ordinates method

5. invariant imbedding technique

6. doubling technique

7. moment methods

8. Monte Carlo method

9. Schuster-Schwarzchild method

10. Eddington's method

11. Romanova's method

12. Turner's method.

The format in presenting scattering methods is thus somewhat different from that for absorp-

tion, in that the goal in the absorption methods is actually to produce transmittance and ra-

diance models, in addition to reviewing the mathematical techniques.

1.3.3 SECTION 4. THEORY OF ATMOSPHERIC ABSORPTION

After reviewing the radiative transfer equation, we discuss the formal solution, showing

that the importaizt part is integration over wavelength or frequency, inasmuch as the very

large spectral variation in the absorption coefficient requires the use of numerical methods.

This presents a different format than for scattering, for which the spectral variation is small.

A description of the major absorbers is given along with some of the mechanisms for ab-
sorption. The Air Force Cambridge Research Laboratories (AFCRL) Compilation of line pa-

rameters is discussed in this section.

1.3.4 SECTION 5. GENERALIZATION or METHODS OF CALCULATING
ATMOSPHERIC ABSORPTION

The two general methods of numerically integrating within finite spectral intervals are

the so-called line-by-line, direct integration method, and the category of what are generally

known as band models. As stated earlier in this section, the aversion to the line-by-line

method no longer exists except that computing costs can sometimes be excessive. As far as

"band-modela are concerned, this section devotes attentior mainly to the more-or-less

"classical" models, or adaptations from them. Much of what has been available in the liter-

"ature for some time Is presented here. We show also some of the more recently reported

methods for deriving band-model parameters, especially using line parameters as compiled,

for example, by AFCRL.

Because the parameters derived for band-model calculations are usually pertilent to

the homogeneous atmosphere, and because slant-path calculations involving inhomogeneous

22
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atmospheres are more interesting than horizontal-path calculations, methods are derived to

use homogereous data in non-homogeneous cases. The Curtis-Godson approximation is dis-

cussed and certain critiques of it are given.

1.3.5 SECTION 6. DETAILS OF THE LINE-BY-LINE METHOD
OF CALCULATION

Using a compilation of line parameters and the appropriate equations relating these

parameters to the absorption coefficient, one could, with a simple trapezoidal-rule (or more

accurately, Simpson-rule integration), reproduce the line structure of molecules and cal-

culate the spectral transmittance for known atmospheric paths. The cost, however, would be

large. Methods have been devised to take advantage of the peculiarities in the line structure

and perform a direct integration at lower cost. Nevertheless, the cost of calculating by the

direct method is still very high in comparison with the use of band-models methods.

Some of the methods, namely those of Kyle [11 and Scott [ 7], use a constant spacing of

points on the abscissa for the integration interval, but achieve an efficient calculation by

optimizing the size of the spacing. In this way, they are able to obtait a reasonable accuracy

while limiting, to some extent, the computation time. In Kyle's method, the region near the

linc center can be accomodated with a relatively coarse mesh, but, as mentioned by Gille

(in Kuriyan, 1973), the disadvantage is in requiring a relatively finL mesh 'or the line wings,

wherp coarser meshes can be Rccommodated.

In Scott's method the mesh size fcr integration is determined by the half-width of the

line. But since the half-width varies with altitude, the mech size varies also with altitude.

The smallest mesh size is determined by the half-width at the highest altitude used in the

calculation.

Checking the accuracy of these different methods would require making independeat

calcu•'•tons, deemed infeasible in this study, even if the programs were available. Avail-

ability can be ascertained only by contacting the authors, which was not done for this

report in these cases. The major feature of these methods seems to be speed of computation,

although in Kyle's case it is not obvious that this is always achieved. No assessment of

Scott's technique har. been made except that presented in Section 6 from Scott'w paper.

6. T. G. Kyle, "Not Interval for Calculating Absorption Spectrm" J. Opt. Soc. Am., Vol. 56,
No. 2, 196P(c), pp. 192-195.

'7. N. A. Scott, "A Direct Method of Computation of the Iranamission Function of an In-
homogeneous Gameous Medium, I: Description of the Method," J. Ouant. Spec. Rad.
Trans., Vol. 14, 1974, pp. 691-704.
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The Drayson techniq• 8] :.nd the Kunde and Magulre techlque 19], which is patterned

after Drayson's, dc not shift the constant mesh, as does Kyle, but use a variable width of

intervals. In this way, they can compute with high resolution at the line centers and coarser

resolution away from the centers of lines. This tecnnique optimizes quadrature, evaluating

the absorption coefficient at the fewest numter of wavenumbers by using Gaussian quadrature.

Very high fidelity can be achieved if the quadrature intervals are spaced closely; however,

-1% can be achieve& by making the intervals coarser. At the same time this allows the pro-

gram to run faster.

The availability of the Drayson and Kunde-Maguire programs is not known, although they

were made available to IPIA. We have not used the K.nde-Maguire program, nor have we

discussed its use with the originators. We have used the Drayson program, but only with

close consultation with Drayson. It is likely that anyone applying this program to an atmospher-

ic problem would require the same, unless Drayson publishes it along with extensive documenta-

tion.

Drayson alleges (in a private communication) that an "independent check with Kunde

shows a maximum error in transmittance of about 0.0001 using the most accurate options

in the program. It may be made faster (but somewhat less accurate) by using lower order

quadrature or larger intervals." We have used Drayson's program on an IBM '60 computer

and found that, as a very rough rule of thumb, the cost of computing, in the calculations we

made with a low-order quadrature, was perhaps in excess of $0.15 per spectral line.

(Caution, however; this number could be considerably different,up or down.) We would ex-

pect that the computing time of the Kunde-Maguire program is at least comparable. One

has the option in Drayson's program of ignoring weak lines, but it is obvious that, in the

Q-branches of bands where the lines number in the thousands, the cost of a direct integration

can be considerable. You pay a stiff price for accuracy, and in many cases there is no other

choice, because band-models simply cannot reproduce actual conditions as well as line-by-

live calculation,%,

None -f the line-by-line methods are able to account adequately for absorption in the

so-talled continuum regionsi of the spectrum. Therefore, the effect of the continuum

(especially H20) must be accounted for empirically, as with band models.

Arking and Grossman [ 101, following an earlier precedent, have described a technique
for avoiding a direct line-by-line integration without resorting to the usual band-model

8. S. R. Draysoo, The Calculation of Long-Wave Radiative Transfer in Planetary Atmo-
spheres, Report lNo. 07584-1-T, University of Michigan, Ann Arbor, 19G7.

9. V. G. Kunde and W. C. MeGuire, 'Direct Integration Trasanittance Model," J. qxant.
Spect. Rad. Trami., Vol. 14, 1974, p. 803.

10. A. Arklng and K. Groesman, "The Influence of line Shape and Band Structure on Tem-
peratures In Planetary Atrorphere," J. Atmos. ScI., Vol. 29, 1972, pp. 937-949.
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methods. The technlqte of substitutiag an abrori't'on coo 'fficient di.,trih"vtion (k-distributiun)

for the actual ordering of spectral lines is de:scribz,:d in tIs3 section, rivin'; some simple

distributions related to relatively unrealistic-mrolA, kit 'aiso to some actual line data. A

serious restriction of this mcthlid is that the atnio:,pocre must be io 'neous. Gille (in

Kuriyan, 1973) points out that in a given real band, the diAtribution forn.; a "bistograrm of

absorption coefficients," and that the transmittance is calculated from

N -k wT(w) b I_ be

1=1

N
where .bi 1, and b and k. are functions of the conditions in the horno[,eneous layer.

i--I

1.3.6 SECTION 7. ILLUSTRATIONS OF BAND-M,1ODEL METEODS

As band-model techniques were presented in the former state-of-the-art report [Anding,

19671 , the methods of various investigators are described in Section 7. These methods al!

depend directly on the use of one of the original band models described in Section 5, or

adaptations from them, in one way or ancthbr. The methods included are:

Statistical Model - Ellingson: Rodgers and Walshaw;
Goldman and Kyle

Quasi-Random Model - Kutde; Haurwitz

Other published Single-Model Computations - Daniels. Jackson

Aggregate Method - Anding, Rose, Walker

LOWTRAN 2 Method - AFCRL/McClatchey, Selby, et al.

The statistical model calculation methods of Ellingson [111], Ro, ',crs and W-lshaw ( 121

(after whom Ellingson patterned his approach), and Goldman and Kyle, are :tratghtforwý'rd

applications of the "classical" models. The importance of their contribuiions to the state-

of-the-art lies malnly in the explicitness with which the techniques are dencri/ed, and the

detail in which the line parameters were applied. We should expect thit the results repres2nt

accuracies limited only by the basic limitations in band-model method!s and the atmospheric

data used in the calculation. All of the methods are adequately explained ir, the original

papers, and with a reasonable thoroughness ir tids section. It would ngt be 1 simple matter

to apply these methods directly to an individual's problem, because tl,, computation tech-

niques are generally unavailable in the publications, and, except for a few small spectral

11. R. G. EllInraon, A New 1Loc,-Wave RFdiattive Traw!f-r Mod-l: Calihr.tlcm ArAlica-
tion to the Tropical Atino:nspcre, Report No. 72-4, Ilori!.i State Univerf;It',
Tallahaasee, 1972.

12. C. D. Rodgers and C. D. Walshaw, "TIte Computation of Ilrar'rl Coolhr'- P,- In PMi•ne-
tary Atmospheres," Qrtly. J. floyal Meteor. Soc., Vol. r), I9.3, pp. 67-12.
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intervals, few band-model parameters are included. It is the absence of the latter, however,

which is the more serious, since programming the equations should be no difficult matter,

although perhaps tedious. Anyone seriously interested in performing atmospheric trans-

mittance and radiance calculations should be familiar with these techniques, notwithstanding

the absence of some peripheral material.

The quasi-random method of Kunde f 131 and of Haurwitz [ 141 are direct applications

of the methods advanced in the work of Wyatt, Stull and Plass [ 15] and Stull, Wyatt and

Plass [ 16]. Kunde includes a program in his report for the computation of H20 vapor trans-

mittance. The program can be obtained by consulting the original work [ 13].

Quasi-random techniques have not received the serious consideration in the literature

that they perhaps deserve. Given a set of line parameters from which to calculate band-model

data, it seems that one has unlimited potential for performing calculations with reasonable

accuracy and a range of spectral resolutions suited to his own taste. But since the cost vs

accuracy tradeoff often resides at one of the two extremes, the quasi-random model is

usually neglected.

The methods of Daniels and Jackson are presented because they also represent contri-

butions to the state--of-the-art. The computer prograam generated by Daniels [17] has not been

openly published although it may be available from the originator. Jackson's work has limited

accessibility because it is described in a report with limited distribution. Daniel's method has

been described, however, in one of the trade journals [181, and is accessible, therefore, in prin-

ciple, at least through a description of the method used.

The last tro methods presented in Section 7, the Aggregate method and the LOWMRAN 2

method are the two models, to our knowledge, which have complete, or nearly complete,

availability and accessibility. The Aggregate method is described in an Aerospace Corporation

13. V. G. Kunde, Theoretical Compt-tations of the Outgoing Infrared Radiance from a Plane-
tary Atmosphere, NASA Report No. TN-D-4045, Goddard Space Flight Center, Green-
belt, Md., 1967(b).

14. F. D. Haurwitz, The Distribution of Tropospheric Infrared Radiative Fluxes and Asso-
ciated Radiative Fluxes and Associated Heating and Cooling Rates in the Southern
Hemisphere, University of Michigan, Ann Arbor, 1972.

15. P. J. Wyatt, V. R. Stull and G. N. Plass, Infrared Transmission Studies, Vol. 2: The
Infrared Absorption of Water Vapor, Report No. SSD-TDR-62-127-Vol. 2., Ford
Motor Company, 1962(a).

16. V. R. Stull, P. J. Wyatt and G. N. Plass, Infrared Transmission Studies, Vol. 3: The
Infrared Absorption of Carbon Dioxide, Report Nn. SSD-TDR-62-127-Vol. 3, Ford
Motor Company, 1963.

17. G. Daniels. AVCO Everett Research Laboratory pr.vate communicatirn, 1973.

18. G. Dantels, "A Computer Program for Atmosrheric Infrared Transmission and Back-
ground Calculations," Optical Engr., Vol. 13, No. 2, 1974, pp. 92-97.
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report by Hamilton, Rowe and Anoing f 191 , and a synopsis of the method is contained in this

report in Section 7.4. The Aggregate method was so named because it is a compilation of the

various models, or adaptations of them, which 'were explained in the IRIA 1967 state-of-the-art

report. The compilation was later formulateu in a computer program by Anding, Rose and

Walker at the Environmental Research Institute of Michigan (ERIM).

There is sufficient coverage of various models in the Aggregate method to make it P.

reasonably accurate technique for calculation, certainly within 20,'iof reality except under

severe conditions; but hardly better than a few, say 5,, , under optimum conditions. These

same statistics hold for LOWTRAN 2, which is perhaps no more than one should expect to

achieve, considering the poor availability of reliable atmospheric environmental data wh:,h

are essential Li~puts to either method. The Aggregate method suffers from a minor drav bacK.

the fact that the spectral resolution inheren, in the result ia not consistent with what is

achievable with even moderately good spectral instruments. Furthermore, the results ary

from relatively good resolution, approximately I cm" 1, to values of the order of 100's of

cm- 1. The cost of running a spectrum in transmittance and radiance is attractive, ab s the

case with LOWTRAN 2, being on the order of $5.00 to cover the range to 30 Pan. The pectral

resolution, for LOWTRAN 2 is a constant 20 cm- 1 .

LOWTRAN 2 differs from the Aggregate method in a rather basic way. It is a completely

empirical method, being derived from no particular formal model, but t-ased on the fit of an

empirical formula to experimental data and data calculated from the AFCRL compilation of

line parameters. Since a single, empirically derived, function is expected to perform the

work of the many different functions ir. the Aggi egate method, LOWTRAN 2 is much neater

and more easily manageable: but it seems not as adaptable to changes in atmospheric con-

stituents, and is, therefore, more subject to error. However, in view of the usually poor

knowledge we have of meteorclogical conditions for a given circumstance, we are not neces-

sarily seriously hampered by a minor lack of accuracy in the band model. Thus, there seems

from these considerations, to be a toss-up in choice between the Aggregate and the LOWTRAN 2

methods.

From the point of view of availability and accessibility, LA)WTRAN 2 seems to edge out

the Aggregate. LOWTRAN 2 is available in a card deck which can be obtained from Air Force

Cambridge Laboratories. The report issued to explain the use of LOWTRAN 2 [201 has

adequate documentation so that the use of the program on the cards is easy. Furthermore,

19. J. N. Hamilton, J. A. Rowe and D. Anding, Atmospheric Transmission and Emispion
Program, Report No. TOR.-0073(3050-02)-3, Aerospace Corporation, 1973.

20. J. Selby and R. M. Mcrlatchey, Atmospher.c Tranrmittanie from 0.25 to 2.S35m:
Computer Code LOWTRAN 2, Report No. AFCRL-72-0.745, Air Force Cambridge
Research Laboratories, Bedford, Mass., 1972.
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the method is graphically represented in another report [211 which makes it easy to perform

spot-check spectral transmittances in a very short time.

The program for the Aggregate method Is obtainable from ERIM, and elsewhere, but at

present the documentation is not explicitly described as for LOWTRAN 2. Neither method is

easily adaptable to atmospheric parameters aside from the ones provided in tne five atmo-

spheric models given in Section 10.

1.3.7 SECTION 8. MULTI-PARAMETER ANALYTICAL PROCEDURES./

"The calculation methods presented in this section are based on functions which incorpor-

ate a larger number of parameters than the band models described in Section 7. We have

found only a few documented methods which fit into this category, but it seems apparent that

the large number of feasible variations is lim!tless, if perhaps needless. As is the case in the

rest of the report, the methods presented in this section are representative, since it would be

impossible to present every technique created, even if they could all be found. We did not

attempt to include anything which pre-dates Zachor's -work [ 22]. Those presented here

represent the investigations of Zachor, Gibson and Plerlulssi,and Smith.

Each method presented here would appear to be an attractive candidate as a calculation

technique, from the viewpoint of both simplicity and accuracy; however, they hzve been

created for singular purposes, and are not easily adaptable to outside use. Zacher presents

"parameters in his report [ 231 which would allow a user to perforn' calculations in a limited

region for CO 2. Smith's data set [24] is also limited, although in a different region, and for

H20 and CO2 .

Gibson and Pierl ,issi [ 25] published a long list of coefficients which were derived from

the data of Wyatt, Stull and Plass (1962a) and Stull, Wyatt and Plass (1963). These data have

been found slightly deficient, particularly in certain 0-branches, and Pierlilssi (26]

21. R. A. McClatchey, et al., Optical Properties of the Atmosphere, Third Edition, Report
No. AFCRL-72-0497, Air Force Caiv-idge Research Laboratories, Bedford, Mass.,
1972.

22. A. S. Zachor, "A General Approximation for Gaseous Absorption," J. Quant. Spect. Rad.
Trans., Vol. 8, 1968(a), pp. 771-781.

23. A. S. Zachor, "Equations for the Transmittance ii the 2p CO2 Bands," J. Quant. Spect.
Rad. Trans., Vol. 8, 1968(b), pp. 1341-1349.

24. W. L. Smith, A Polynomial Representation of Carbon Dioxide and Water Vapor Trans-
mission, Report No. NESC 47, National Enviro;;mental Satollite Center, Washington,
D. C., 1969.

25. G. A. Gibson and J. H. Pierluissi, "Accurate Formula for Gaseous Transmittan^,e in
the Infrared," Appl. Opt., Vol. 10, No. 7, 1971, pp. 1509-1518.

26. J. H. Pierluissi, "Polynomial Representation of Transmittance Models," Appl. Opt.,
Vol. 12, No. 4, 1973, pp. 776-778.
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published another paper with a partial listing of coefficients derived from experimental
data.

Unless the user is prepared to perform a considerable effort la compUing parameters

for his own use, it seems he will only be able to put the methods of Zachor, Gibson-Pierluissi.

and Smith (and presumably others) to limited use. Still, the accuracy achieved by them is

favorable, at least on the basis of comparisons made ,y the original investigators, and they

appear straightforward to program and use.

1.3.8 SECTION 9. LABORATORY MEASUPr.MENTS, FIELD MEASUREMENTS
AND THE RESULTS OF CALCULA"ION FOR ABSORPTION

The first part of this section is included to five the user a guide to the kinds of data that

have been used for generating parameters for the various calculation methods. One should

be able to obtain in part f. om this, in conju;.ction with the assessments of the formulations of

the computation techniqtues, the range of conditions from which he can expect the best accura-

cies in calculation, and thus, at what points the extrapolated values are likely to seriously

limit accuracies.

In the rest of this section, we have attempted to delln,.ate some of the types of field

measurements that have been reported, to give the user a guide to what comparisons can be

made to judge the accuracy of calctlated results. The reader will find, however, that these

judgments are not so easy to rrmake, ever. though the experimental results are probably

reliable, and certa'n of the meteorological conditions are adequately documented. However,

certain trends can be observed, and from this viewpoint, at least, inclusion of some of the

experimer.tal results is warranted.

In addition, comparlsons are made between the calculated results obtained using the

Aggregate and LOWTRAN 2 methods. The reader Is referred to the body of the report for

a more in-depth discussion of the comparisons that are made.

1.3.9 SECTION 10. ATMOSPHERIC CONSTITUENTS

This section surveys a small realm of meteorology with the intent of leading the user to

some of the sources of this most important element in the calculation of atmospheric trans-

mittance and radiance. To give some idea of the scope of a more complete effort, we should

like to direct the reader to a study, the results of which are not yet openly available. This

study is the result of a program In the Department of Traitsporta'ion entitled Climatic Impact

Assessmient Program (CIAP), designed to determine regulatory constraints on flights in the

stratosphere such that ao adverse environmental effects result. Much of the program is

documented In six supporting monographs, describing the atmosphere and things that impact

on the atmosi ere. We believe these will be an extremely useful set of documents.
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The subject matter of thi, section is very important. We have laid a reasonable amount

of stress in previous sections on techniques of calculation, and the fidelity with which they

represent the actual physical process of absorption and scattering. We have found, however,

that if one is willing to compromise on accuracy, the choice of a method can at times be made

arbitrarily. For the mnst part, in previous sections, when we have stressed the variability

of accuracy, we have, at the time, chosen to igrore the atmosphere. We can no longer do so,

because the highest achievement in accuracy can be utterly destroyed by the choice of even

a slightly devious set of atmospheric parameters.

We hope that the references, at least in part, make up for the huge maas of information

which obviously could not be included in che report.

1.4 SOME TOPICS NOT COVERED IN THIS REPORT

The emphasis in this report has been on processes involving radiative equilibrium. We

have essentially ignored non-equilibrium phenomena in aimospberic emitted radiation for at

least two reasons. First, because drawing the dividiag line between the incorporation of

equilibrium (thermally induced) processes, and non-equilibrium phenomena in no way com-

promises the calculation of transmittance. Sr-cond, because not nearly as many non-

equilibrium results have bcen found which can be used with the same finality and confidence

as those produced in the numerous investigations on equilibrium phenomena./

A similar decision had to be made regarding the matter of turbulence in the atmosphere.

It is recognized from the po'.nt of view, especially, of imaging systems that the subject of

atmospheric turbulence Is one of utmost importance. But it is difficult enough to model the

atmosphere even in Is stable mode.

1.5 USE OF THE REPORT

The primary objective of this report, js already stated, is to present the state-of-the-art

of the subject matter. From a broader viewpoint, hr.wever, it is meant also to be more directly

applicable to user needs.

One reader may wish to have an in-depth understanding of the subject. He will have to

make more than a passing perusal of the various sections summarized above. For this type

of reader, it is assumed that his interest goes beyond merely finding the right method for

making a calculation. but encompasses also the making of judgments requiring a more-or-less

full understanding of the techniques used. He will also have to consult the references cited,

~ /because the sections in this report were intended only to give sketches of the greater detail

to be found in the original works.
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On the other hand, there is likely to be also the reader with only a -passing interest In the

subject. He should be reasonably satisfied having read only the preceding synopsis. Also, one

may wish to find quickly the method he needs to serve his Immediate purpose. He will undoubt-

edly want to read through the material in this report, but without necessarily referring, excspt

in specific instances, to the original works. For his purpose, we have Included the sort of

guide to selection that follows.

We assume that, from the user's point of view, a given model should possess the following

criteria: (1) accuracy; (2) speed (low computation times); (3) adaptability; and (4) practicality.

The model should not be so crude that results differ greatly from exact formulations. Speed

of computation Is also Important especially If cne Is linterested in varying a large number of

model parameters. Adaptability is of importance since practical applications usullIy require

the alteration of boundary conditions or the char'ging of physical and geometrical parameters

in the problem to be solved. Finally, a useful model should be practical In the sense that it-

encompasses the majority of the necessary elements for computing Its expected range of

parameters. Further, the practicality o! a model must be judged In accordance with its acces-

sibility.

Although It is almost impossible to ascertain which mod3ls have been developed for all

the various applications, we will present here a general chart of the overall acceptability of

mathematical models of radiative transfer, from the point of view of scattering, based pri-

marily upon the above mentioned criteria (Table 1). Thie model or descriptive names should

be interpreted as referring to a particular technique rather than an individual specialized

model or computer program. The methods are ranked as excellent (E), good (G), fair (F), or

poor (P).

It Is Immediately evident that persons more Intimately familiar with different techniques

will surely rate the different methods differently. We have tried Implicitly to integrate the

four enumerated qualities into one entity, utility. We realize, however, as pointed out by one

of our reviewers (Herman, private communication) that, in any calculations of radiative trans-

fer, one must decide what features are important, and what features are not. The Turner

method, for example, appears from Table I to have perhaps greater utility than other methods.

However, If the state of polarization of the diffuse field !a a requirement, the Turner and other

methods fail to score with decent accuracy. On the other hand, the adaptability of the Turner

method is high enough that polarization could feasibly be Included In any modification to the

technique. This may very well be true of other methods as well, although the lack of accessi-
bility of specific information on computing techniques may conceal their real adaptability.

We have tended to score pract~icality heavily oni the basis of accessibility. As pointed out

in Section 1.1, the primary emphasis on the utilitarian aspect of this report is toward
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assistance to the mUflt;%ry systems designer who sometimes needs only moderately accurate

answers, but quickly. On the other hand, a score of P on the basis of computer time used

could easily be ignored by someone whose main interest is fidelity to the real world. One who

has constant access to a facility-owned romputer might readily ignore the computer t lme

column altogether. 7oing so would give greater atirai-tiveaess to methods whtch othervs,.

score poorly.

We must concede also that the accuracy column can only be used ih some cases as a

rough guide. Admtttedly, all models have aot been tested and some of these assessments

have to be made on the basis of our judgments derived from consulting other som c s. On the

other hi.nd, the iriudcinite nature of the enta ies in Table I (e.nd Table 2 later) appe4ar to reZlect

a certain awarene:s that accuracy is a quality which is better left to the ultimat'• judgment

of the user.

As far as the Aggregate and LOWTRAN 2 methods are concerned, if we should rate them

in the same way as tihe scattering models, they would probably come out about equal on the

basis of "computer time," "adaptability," and "practicality." As far as "accuracy" is con-

cerned, we believe that the Aggregate method is probably more accurate because it is more

paraineter-depende,, But again, we must remember that accuracy is usually more greatly

affected by factors outside the calculation method than it is on the method itself (which, of

course, is equally true of the scattering meth,.dz). From the point of view of availability,

we believe the LOWTRAN 2 method rates higher.

The oniy absolute basis we ha-e for judging accuracy is a direct comparison between

"calculated a-id measured data, several cases of which are given throughout the report. The

best test is with controlled experiments in the field, but most of these are restricted to hori-

zontal paths which do not provide a valid tert of the effect of temperature, pressure and con-

centration changes. One reasonable guideline is that using the models outside of the ranges

of variables provided by the laooratory experiments (see Section 9) can be expected to incur

errors commensurate with the extent of the extrapolation.

If we lump the absorption methods Into six broad categories and tabulate them as for the

scattering methods, we are likely to come up with something stwilar to Table 2.

Note: Because of the large number of symbols and nomenclature used in this report, and
because it was necessary to repeat some symbols to represent different quantities, it is essentla
that a list of symbols and nomenclature be included. For the convenience of the reader a list of
symbols is placed at the very end of the report for easy reference.
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TABLE 1. RADIATIVE-TRANSFER-ATMOSPHERIC MODEL RATING (SCATTERING)

Model Accuracy Computer Time Adaptability Practicality

Exact Solutions E F P P

Iterative Method G F-P F F

Spherical Harmonics Method G F-G F-G P

Discrete Ordinates Method G P G F-G

Invariant Imbedding
Technique G P G F

Doubling Technique G E P F

Moment Methods G P F F

Monte Carlo G P E F-P

Schuster-Scl~warzchid
Method P E G F

Eddington Method P E F F

Romanova's Method F F F G

Turner's Method G-F E G-F G

TABLE 2. ATMOSPHERIC ABSORPTION METHOD RATING

Method Accuracy Compater Time Adaptability Practicality

General Statistical G-F G-E F G-F

Quasi-Random G-E P-F F F

Aggregate G-F E F G-F

LOWTRAN 2 G-F E F G

Multi-Parameter G G F F

Line-by-Line E P F G
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2

RADIATIVE -TRANSFER THEORY

2.1 INTRODUCTION

In this chapter we shall delineate some of the basic quantities in radiative-transfer

analysis by describing the equation used to represent the transport of radiation through a

scattering and absorbing medium.

The fundamental quantity used to define the amount of radiant energy at a point at some
time is the spectral radiance for a given polarization state. We shall neglect polarization
and define spectral radiance as the energy per unit time per unit area per unit solid angle per

unit spectral interval which crosses a small surface oriented normal to the direction of
propagation. The symbol for spectral radiance is LA or L and the units generally used are
watts per square centimeter per steradian per spectral interval. The spectral dependence is
as readily given in terms of wavenumber (v) as it is in terms of wavelength (N). In the former

case, the unit interval is cm"1 and !n the latter, it isIm (i.e., reciprocal centimeters and
micrometers respectively).

Another radiometric quantity of importance in the consideration of radiation transport is
the spectral Irradiance, or the spectral radiant energy per unit time per unit area incident on
a surface. To obtain irradiance on a surface element (dA) one must integrate all of the in-

coming radiation over the hemisphere centered in dA, so,

EX =f L. cos dl (1)
"hemi

where 0 Is the angle between the direction of propagation and the normal to the surface, and
da is a differential solid angle whose apex is at dA. The functional dependence of L. (or L)
and E• (or E) will be shown in the following discussion.

2.2 EQUATION OF RADIATIVE TRANSFER
Radiative transfer theory can bk defined as the quantitative study of the transfer of ra-

"diant energy through a medium which can scatter, absorb, and em.t radiation. Its origin can
be traced to a paper by Schuster on "Radiation Through a Foggy Atmosphere" [271. Later,
important contributions were made by Schwarzschild, Milne, Eddington, and in more recent
times by Chandrasekhar and Sekera. Much of the impetus was provided by astrophysics in
the study of the transfer of radiation in stars and stellar envelopes. Today, the theory of the
transport of energy encompasses neutron transport t'eory, radiative transport theory,

27. A. Schuster, "Radiation Through a Fog" Atmosphere," Astrophys. J., VoI. 21, 1905,
p.).
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cosmic-ray transoort, and plasma theory. There are many analogies and in many cases the

mathematical procedures used in the analyses are quite similar.

The axiomatic basis for the study of radiation transport is the Liouville equation in which

one must consider the distribution function which characterizes all particles in phase space.

By integrating over the coordinates of all particles except one we get the one-particle distri-

bution function which is used to describe the properties of a "dilute" gas; that is, we are

neglecting the simultaneous interactions of more chan two particles. Thus, we are led to a

Boltzmann type equation for a description of the transfer of radiation through a scattering,

absorbing, and emitting medium.

The spectral radiance, defined by aL/aA (o" PL/Ph), should strictly retain the subscript,

A or r., as L• or L . We shall retain it in the ensuing discussion, and later, for the sake of

simplicity, assume it implicit in the expression. We can consider a beam of monochromatic

radiation with radiance L)X(A, s, 0, 0, t) which travels along a path s in a direction 0, 0 (the

usual polar angles) as shown in Figure 1. We can denote the increased spectral radiance

LX(x, s + ds, 0, 0, t) at s + ds by LA(X, s, to, 0, t) + dL.X(X, a, 0, 0, t). The change in radiance

over the distance ds can be written in terms of the following components (neglecting changes

with time):

dL.A(.X, a, 0, 0)1dL = t(spontaneous emission) + c(stimulated emission)

+ ((in-scattering) + c(intrinsic)

- ((absorption) - c (out-scattering) (2)

where spontaneous emission is independent of the radiation field and stimulated emission de-

pends on the radiation field, behaving as negative absorption. The term in-scattering refers

to the radiation which is scattered from all directions into a specific direction to, 0. This de-

pends on the radiation field and is given by:

k's(A, s) /
c (in -scattering) = -S 4-Jp(A,_ s, 0), 0, 0l', 0')L(X•, s. 0', #')d M (3)

where k;(A, s) is the volume scattering coefficient. This is the scattering cross section per

unit volume, or the probability per unit length that an individual photon will be scattered. Its

units are cm-. The quantity p(A, a, t9, , 0', #') is the single-scattering phase function and

is a measure of the probability of scattering from a direction H', 0' into a direction 0, 0. It is

normalized such that its integra. over a complete sphere is unity, i.e.,

U: fs,\ 8 , OF , 0', 0 ')dO ' 1 (4)
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FIGURE 1. DESCRIPTION OF RADIANCE
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The intrinsic t2rm refers to a specific autonomous source placed in the medium. Theae four

terms comrnrise the gain of radiant energy at wavelength X at a point s in the medium for

radiation traveling in direction 0, 0 at time t. Loss of radiation occurs by means of absorp-

tion and tCe scattering of radiant energy out of the beam vhich are given by:

c(absorption) = -k!(X, s)Ls( , 0, ,) (5)

and

c (out -scatte ring) 7 -k'(,\, n)LA(X, s, 0, 0)()

where k'(A, s) is the volume absorption coefficient, or the probability per unit length for the

absorption of an individual photon. !ts units are cm"1. These quantities can be combined

into an extinction coefficient k'(X, s):

k'(X, s) = k'(,, s) + k;(\, s) (7)

where k'(X, s) is the probability per unit length of an individual photon undergoing either ab-
-1

sorption or scattering, given In, units of cm

Combining all of these terms gives us the net gain In radlance per unit length:

dLA
ds-V(X-, s)J()X, s, 6, *) + y"(;A, s)L)~(A- a, 6, *)

+ J p(X, s, 9, 0, 0', 0')LA(0, sa, 0') dn'

+ q(x, s, 6, 0) - k'(A, s)L (A, a, 6, 0) (8)

A\
where V'(;, s) is a coefficient for spontaneous emission and J(X, s, 6, 4) is the source function

which is independent of the radiation field. Likewise, y"(X, s) is the corresponding coefficient

for stimulated emission and q(X, s, 8, 0) is the intrinsic emission term. The terms V'(X, s)

and yi(A, s) are related to the familiar Einstein A and B coefficients. For a more detailed

treatment of these coefficients consult Goody [28] and Stewart [29]. The complete (time-

independent) three-dimensional radiative-transfer equation for an absorbing, scattering, and

emitting Isotropic* inhomogeneous atmospheric medium is therefore

By isotropic it is meant that the scattering and absorption coefficients are Independent
of direction.

28. R. M. Goody, Atmospheric Radiation, Oxford University Press, 1964(a).

29. J. C. Stewart, Some Topics in Radiativr Transfer in Developments in Transport Theory,
E. Inonu and P. F. Zweilel (eds.), Academic Press, N. Y., 1967.
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de,

d-s-= - sk'(A, a) -v"(A, s)] Lx(.\, s, 0, 0)

k'(A, a)i
+ 4w•-j p(X,_ s, 0, 0, 9', ¢'L(,s, of, 01)c•'

+ V'(X, s)J(X, a, 9, 0) + q(X, s, 9, 4#) (9)

If the medium is not in thermodynamic equilibrium, the term y'(A, a) corresponding to stimu-

lated emission may be greater than k'(X, s), the extinction term. In that case, the medium

acts as a source of coherent radiation as in a laser. Under conditions of local thermodynamic

equilibrium however, the population of states is such that k'(A, s) > V"(k, s) and the source

term J(,, a, 0, #) becomes the Planck function which is only dependent upon wavelength and

temperature:

2hc2 [c 2v3]
J(X, s, 0, 0) - Lý(T=*(t,, T) = 2c hC' (10)

feE 5 c T T ~ hvk-T

where h is Planck's constant, k is Boltzmann's constant and T is temperature. For the pur-

pose of this discussion, we shall neglect the effects of stimulated emission and assume that

the condition of local thermodynamic equilibrium holds and that the source of radiation Is de-

scribed by the Planck function of Eq. (10). Thus, the basic radiative-transfer equation is

given by:

dIN
- = -k'(), s)L X(x, s, 9, 0)

ks'I;, s)
+ 4J ( s, 9,0, a't, O')•L(, s, o', of')c'

4v

+ k(X, s)L*(A, T) + q(?., s, 9, ) (11)

Now, defining the aiagle scattering albedo w0(A, s) as

., w (X, s) k•(X, s)/k'(., s) (12)

and

Q(A s, 9, ,) = q(X, a, 0, 0)/k'iX, s) (13)

N, Eq. (11) becomas
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dLx { 01'X' s)4
dl -k'lA, s) L S(A, S, t0, *) 0 4J p(X, s, 0, F 6 O')L(A, , 0:. d')d'.

- 1- o(, ~ I(,T) - Q(X, s, 0, 01• (14)

We shall limit ourselves to the description of radiation in an atmosphere In which there are

nu intrinsic sources. ThuL, we have

dL• w, 0 (A, s 4p•

ds = -k' ), , 0, j.) 41 J4(AS, 9, s, 0', '')Lkl(, s, 0', O') '..

-[1 -w 0 (A, s)P L(A, T) (15)

This concludes the simple derivation of the radiative transfer equation. A more detailed

treatment of transport theory can be found in Kourganoff [30J, Samuelson [311, and Turner [321. ,

We can now consider special cases of Eq. (15). First, suppose that there are no interae-

tions, either scattaring or absorption. Then k'(X, s) = 0 and we have

ds 
(16)

The radiance is constant everywhere in this nonparticipating medium. Second, suppose we

have no scattering. This means that w0 (X, s) = 0 and Eq. (15) becomes

d-s -k'O(, s)94,(A, s, 9, 0) - L;((A, T)} (17)

Third, let us consider a purely scattering medium, i.e., one in which no absorption occurs.

In this case there can be no emission and w 0 (A, s) = 1. Equation (15) then bVromes

30. V. Kourganoff, Introduction to the General Theory of Particle Transfer, Gordon and
Breach, N. Y., 1969.

31. R. E. Samuelson, Radiative Transfer in a Cloudy Atmosphere, NASA Report No. TR-
R-215, 3oddard Space Flight Center, Greenbelt, Md., Office of Technical Services,
Dept. of Comme.-ce, Washington, D. C., 1965.

32. R. E. Turner, Trar.aport of High-Energy CosmV.: Rays In the Interstellar Medium,
Ph.D Thesls, Washington University, St. L.misn, go., 1970.
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dLX )L ,
d-s - -k ' ( • ., s ) (x , s , 9 )

-41rf POXt(,s, 8, ,') (, s, 6' Oda
41t1

Fourth, let us consider the case In which the scattering law is isotropic, i.e., p(X, s, 9, 0, 6',

1') 1. Equation (15) then becomes

d LA
d's - -k'(X,, s) tL)(, s7 , 0, 0)

41r s, 0', O')da' -[I -wO(X, s)] L(, T (19)

2.3 THE FORMAL SOLUTION

In this section, we consider the formal nolution of the time-independent integro-

diff,•re-ttial equation of radiative-transfer Eq. (15). This can be written for some path s:

dL A Y •0() 00s)f
_ C dL4 + , , 6, O) 4, J p(X, s, 6, 0, 0', #')L (x, s, 0', s,')n'

k'-•-A,Y-d-s- L•>,s ,€ 45 4

-[1 -W0Qi, s)]L (X, T) (20)

for which the solution is:

L~t;kS, , € = A~k s, , )exp k(. 'd

LL S

+ -•w 0 (X, s')k'(X\, s') fp(, 8', P, OF 6', 01')LA(?, s', 6', *')d'

4 0 47x

exp k'(\, s")ds' ds + [I -w s

exp ,k 1, (, s")ds k'(;k, s')ds' (21)

where s Is a general point along the path and sI Is a boundary. Formally, then, Eq. (21) is

the solution to the integrodifferential equation of radiative-transfer. The first term on the

right side of Eq. (21) represents the attenuation of the boundary radiance L\(A, so, 0•). The
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second term represents the contribution of all scattered radiation along the path and the last

term represents the thermal radiance along the path.

For most practical applications of radiative-transfer theory, one can consider the earth's

atmosphere to be a plane-parallel medium especially for multiple scattering in which compli-

cations multiply, otherwise. Problems in scattering in which the earth's curvature Is taken

into account are those for which the radiance is to be determined at extreme altitudes or for

conditions of large solar zenith angles. For this discussion, however, we shall determine

the formal solution for a plane-parallel atmosphere.

Consider solar radiation entering the atmosphere at zenith angle 00 (= cos°1 go) and

azimuthal angle *0 as indicated in Figure 2. Since all quantities have spectral dependence,

we can drop the explicit dependence on wavelength and write Eq. (15) as

4al L .+ -L _-k'x, y, z)L(x, y, z, _, 0)

k' (x, y,z)C2 rtl4+ x Y, z) a-rI p(x, y, z; pJ, p '. j6')L(x, y, z, g', 0')dAJ'do'

+ k'(x, y, z)L*[T(x, y, z)] (22)

where 1 = coso
/'= coo 0,

= sin 0 cos

s= in 0 sin "

To solve Eq. (22) is very difficult in general, especially if one considers horizontally inhomo-

geneous atmospheres with inhomogeneous boundaries. In this discussion, we shall consider

one-dimensional atmospheres, i.e., those which possess horizontal homogeneity, and for

which:
8L O

al, = 0 (23)

ka(s) = ka(z) = k'(z)[1 - Wo(z) (24)

k'(s) = k'(z) = k'(z)wo(z) (25)

kW(s) = k'(z) (26)

Defining the dimensionless quantity optical depth as30
do -k'(z)dz or q = -k'(z)dz (27)
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FIGURE 2. SOLAR SCATTERING CONFIGURATION
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we get for an equivalent term of Eq. (15):

dL W 0(q) 2n I1
d= L(q, g, 0) - -4, -p(q; 1 , ', u', 0'17(q, g', 0')dp'd0' - (1 w (q)]L*(ql (28)

Thus, Eq. (28) is an initegrodifferential equation which is used to describe the spectral radi-

ance in a vertically inhomogeneous, multiply scattering, isotropic atmosphere in which con-

ditions ot local thermodynamic equilibrium are assumed to hold.

We now consider the solar radiation incident upon earth's atmosphere. The angu!ar size

of the sun is about 30 minutes of arc but for practical purposes we shall assume that the sun

is a point source. Hence, we can write for the solar radiance at any point within the

atmosphere

L(q, ,) = EH(q)6(A+ v0)6 (0 - 00) (29)

where EH(q) is the solar spectral Irradiance on a flat surface normal to the direction of in-

cidence. The extraterrestrial value of the solar spectral irradiance E0 has been determined

by a number of investigators [33). Most of the work over the past half century has been in

the form of ground-based measurements with extrapolations through the atmosphere to deter-

mine the extraterrestrial value. More recently, high-altitude balloons, aircraft, and space-

craft [341 have been used in order to eliminate the uncertainties due to the atmosphere.

The NASA Standard Extraterrestrial Solar Spectrum is now available in punched card form

from the Goddard Space Flight Center [351. It should be noted that 99 percent of the solar

energy is in the range 0.276 pm to 4.96 pm, and 99.9 percent of the solar energy is in the

range 0.217 pm to 10.97 prm. The solar constant, which is the solar spectrum Integrated

22
over wavelength has a value of 135.36 mW/cm2 at a distance of one astronomical unit. The .

total annual variation is about 6 percent, from a high of 139.9 mW/cm2 at perihelion to a low

of 130.9 mW/cm2 at aphelion.

It Is convenient to separate the direct solar radiation field from the diffuse radiatiun

field in analytical studies. Thus, we can write the total spectral radiance as

L(q,/p, g) LH(q,/p, -) + LD(q, t, 0,) (30)

33. S. T. Henderson, Daylight and Its Spectrum, American Elsevier Publishing Company,
New York, 1970, pp. 72-73.

34. J. C. Arvesen, Rt. N. Griffin, Jr. and B. D. Pearson, Jr., "Determination of Ertrater-
restrial Solar Spectral Irradlance from a Research AIrLraft," Appl. Optics, Vol. 8,
No. it, 1969.

35. U. P. Thekackara, Proposed Standard Values of the Solar Constant and the Solar
Spectrum, J. Environ. Sci., Vol. 13, No. 4, September-October 1970, pp. 6-9.
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in which L.H(q, g, 0) represents the direct solar radiance as given by Eq. (29) and LD(q, 14 0)

is the diffuse radiance. Aiter substituting Eq. (30) into Eq. (28) we get

'+dLD wo(q) 12 •1
"A"dL = r'Dq, IA, J) M._4 0 -pq; /., OpI', 0')LD(q, g', #')d.'dO'

w 0 (q)E qpq"W 4 E(q)p(q; ;4 0, "0 -" [1 - wo0 (q)] L*(q) (31)

where

EH(q)= E0 e (32)

No exact solution of Eq. (31) has been found for a general scattering law. We can, however,

convert the IntegrodIfferential equation of radiative-transfer into an integral equation. Thus,

for the upwelling and downwelling radiances, respectively,

LD(q, p, , ) = L( %o, pt 0) e-(q0"q)//J

• W0(q) f 2j I "cipqo ,
IT -A P(q'; p., 0, u', ' e-('q/ L)(," IA', 0') dqd/d

-q

4irp J 0 (q')p(qI; p.,*, +P0' #0) e dq'
f q

+ 1q0O[I -Wo(q')1L*(qY) e(q' q)/1'dq' 0 < s 1 (33)
q

and

LD(q. -,-p ) = L(0, -p4 .) e-°I)

w0 (q) f2fl q 1q
+4v' o J-110,p(q'; -;4t 0,. IA', .)e"qq)/ LD(q', g', 0')dq'djAdd+'

E 0 e-q/"1"q" (/o'/1q

00
+ • fowO(q')p(q'; -p., *, -.. , *SO) e dq'

+ - Wo(q')] L*(q') e-q-)/Adq' 0 <u s 1 (34)

fo0
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where q0 fk'(z)dz is the optical thickness of the atmosphere. Equation (33) describea the

upweliing diffuse spectral radiance at some optical depth q In an inhomogeneous atmosphere,

whereas Eq. (34) describes the downwelling diffuse spectral radiance. For homogeneous at-

mospheres, the single -scattering albedo w 0 (q) and the single -scattering phase function are

independent of the optical depth q. In this case, some of the Integrals can be evaluated and

we obtain

LD~, j 0)= Lq0,u, ) e-(qo -ia/p

+ , ' )J e(~/M LD(q', p', *'dq'djii'do'

Iq

"V+ Eir(A, 01-A0 ) [e - e/o -op e j(0-)

+ 1 w'oJ e('- / L*(q')dq 0 <i 11- 1 (35)
q

and

LD(q, -p, 0) =L(0, -p, 0) e

4v 1 (1 0, Wi, 0'4)f e " L, ,jL', OI')dq'4&djA'd

W0 gi0 E0 p(- 0,0, 1-PO, 00) -q/u0 1-c 0 rq-qq)~

+~~ ~ I -Jof -(eq'/

JA 
0

LD~~~~~qpIJ (37)0 LO -o 0

w o 2 0 , f e - iV 11 L ~ '. g ' 0~4 5A ' 0
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2.4 BOUNDARY CONDITIONS

In principle one should be able to find a complete solution to the radiation-transfer equa-

tion provided the boundary condit~ons L(q0, t, 0) at the bottom surface, and L(0, -,4 0), at the

top of the atmosphere, are specified. If the sun is the only source of radiation external to the

atmosphere then the diffuse radiation entering the atmosphere is zero (i.e., L(O, -ý, 0) = 0).

The conditions involving the bottom surface, considered to be opaque, are mere complicated.

In order to deal with the surface one must consider the so-called bi-directional spectral re-

flectance and the directional spectral emittance. Let us consider a surface element dA with

its normal in the z-direction as illustrated in Figure 3. The differential area dA is at point

P(x, y, z), with z = 0. The incident radiance is denoted by L(x, y, z = 0, p', 0') and the ele-

mental reflected radiance dL(x, y, 0, Og, €). The amount of radiant power incident on the sur-

face element per unit area is L(x, y, 0, -gi', 6')i' cn'. We then define a bi-directional reflec-

tance function as

f(x, 70 0, A%' 0%, Al, 0)- dL(x, y, 0.9 14 38
L(x, y , 0 , - 1'. ' -' -

Helmholtz (36] showed that certain reciprocity relations exist for the bi-directional reflec-

tance function, i.e.,

f(x, y, 0,t', 1 ',% , t ) f(x, y, 0, A, 0, A', 0') (39)

The reflection properties of a surface are completely determined by specifying the bi-

directional reflectance function for all .,.gles in hemispherical space and for all points (x, y)

on the surface for a given wavelength, oi wavelength region, and polarization state. Most of

the determinations must be done experimentally [37], [381, and for that reason the data to be

collected are quite voluminous. Hence, it is convenient to deal with directional reflectances,

i.e., those reflectances which depend upon only one solid angle instead of two as in the bi-

directional reflectance. For a more complete treatment of reflectance definitions, one shovld

consult McNicholas (391, Durnkle [401, and Siegel and Howell [411.

36. HI L. Helmholtz, Physiological Optics, 3rd Ed., 1909.

37. Target Signature Analysis Cer~ter, Data Compilation, Eleventh Supplement: Vol. 1,
Bidirectional Reflectances; Definltion, Discussion and Utilization, and Vol. U1: Bldirec-
tional Reflectance; Graphic Dita, Report No. AFAL-TR-72-266, TSAC, Willow Rim
Laborato-ies of the Institute of Science and Technology, University of Michigan, Am
Arbor, 1972.

38. D. Carmer, Target Signature Analysis Center: Data Compilation, 7th Supplement, Infra-
red & Optical Sensor Laboratory, Willow Run Laboratories of the Institute of Science
and Technology, University of Michigan, Ann Arbor, 1969.

39. H. J. McNicholas, "Ab9oluthe Methods of Reflectometry," J. Res. Natl. Bar. Std., Vol. 1,
1928, pp. 29-72.

(References Continued)
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In many studies of radiative-transfer one makes use of the cor.cept of Lambertian sur-

face, I.e., a surface which Is perfectly diffuse. Consider the radiance reflected from a gen-

eral surface. From Eq. (38) we get

L(x, y, 0, •) f0 J 0 f(x, y, 0, A, 0, p', 0')L(x, y, 0, -%', o')/p-dp'do' (40)

If the bidirectional reflectance is independent of angles, then Eq. (40) becomes

L(x, y, 0,/u, 0) = f(x, y, 0)J J0 L(x, y, 0, -u', 0')jid'dd' (41)

But, by definition the integral is just the irradiance E(x, y, 0) on the surface. Thus,

SL(x, y, 0, 1,4 b f(x, y, 0)E(x, y, 0) '42)

If we now integrate this result over the hemisphere, we get a quantity called radiant exitance,

caused by reflection from the surface:

M(x, y, 0) 1,-" :J (x, y, 0, A, 0)/Ad/ 1do
fo00

p(x, y, W)E(x, y, 0) (44)

2v 1
where p(x, y, ) =) f(x, y, 0) 1 1dA do

Tf(x, y, 0)

The albedo of the surface can be defined as the ratio of this exitance to the irradiance, i.e.,

Sp(x, y, 0) -e M(x, y, 0)/E(x, y, 0) (45)

Therefore, for a Lambertian surface, the reflected radiation is given by:

L(x, y, W) = P(x, Y 0 E(x, y, 0) (46)V

The total radiance from the surface is the resultant of the reflected radiation as developed in

the preceding equation, and the emitted radiation.

40. R. V. Dunkle, Spectral Reflectance Measurements, Suri•'e Effects on Spac-craP.
Materials. J. Clause (ed.), John Wiley & Sons, N. Y., 1960.

41. I. Siegel and J. R. Howell, Thermal Radiation Heat Transfer, New York, McGraw-Hill,
N. Y., 1972.
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Summarizing, we can now wrlie down the general boundary conditions for the transfer of

radiant energy through a pli.ne -parallel, vertically inhomogeneous, isotropic, atmosphere

illuminated by a point source infinitely fa. awaj.

L(0, -, •) = 0 (47)

2u 1
L(q0 , 14 0) = LGE(q0, ;,' ) + J 4J 0, -Wi', 0')L(q0 , -p', 0') i'dMj'do' (48)

where LGE is the emitted radiation from the surface, f is explained above, and L(q0, -A±', #I)

Is the total (solar plus diffuse) radiance at the surface. Using the relation (Eq. 38) for the

solar radiance we get

L(q0 jL, i,) = LGE(q0, t 0) + p0E 0 e f(Pi, 0, -' -0)

+ Jf'Jf(;4 . -IA', 0')LD(qo, -"A' €'1 p' d, ' dO' (49)

Therefore, the radiances LD(q,• t, 0) and L(q0, -it, 0) are related by the boundary condition.

It should be noted that Eq. (49) represents the surface radiance, which, in turn depends upon

the atmosphere. One can also define an intrinsic surface radiance which is independent o: the

atmosphere. If, in Eq. (49) we let the optical thickness q0 be zero, then we have no atmosphere

and the intrinsic radiance is

%(1 0) = LGE(04 ) + poE0 f(ý4 0, po, -00) (50)

Denoting the quantity e by ro, the atmospheric transmittance, we have for the surface

radiance L(q0, it )

L(q,, ,),O) =1(t,) - p0 E0 (1 - 70 )f(JI 0, M9, 00)

0 0f(;4z 0, -/e', #I)LD(qo, -pJ', 0'),L'id/g 'do" (51)

2.5 RADIATION COMPONENTS

It is sometimes helpful to define the individual components of the radiation field. Con-

sider a plane-pkrallel inhomogeneous atmosphere bounded by a flat, uniform non-Lambertian

surface at temperature, T, a side view of which is shown In Figure 4. The (upwelling) radi-

arces for a downward looking observer are denoted by the numbers 1-6 and the (downwelling)

radiances for an upward looking observer are denoted by numbers 7-10. The first component

Is the ourface radiance arising from the intrinsic emittance of the surfc.ee. It is given by
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LGE(q0, s1 0) = e(j., O)L*(T) (52)

where e(M, *) is the directional surface emissivity. The second component is that due to the

solar attenuated beam having been reflected at the surfa-ce. It is

LGH(qO, p, 0) = 0E0 e fo44 f(, P0, 00) (53)

The third component is the radiance at the surface due to diffusely scattered radiant energy

having been reflected. It is

L~ (q0, i, 0) =J j f(1., 0, -1', 1')LD(qo, -p', 0') j', d" 'do' (54)

The sum of these three components is called the surface or ground radiarce, i.e.,

LG(q0, g, €) = LGE(q0, p. 0) + LGl(qO, t4 0) + LCs(q 0 , p', -) (55)

A component not illustrated in the figure is the ground radiance after having been attenuated

over a path from the ground to the point at some optical depth q. It is the beam radiance and

is given by

-(qo-ql/i
LB(q0 , p,, -) = LG(qO, 0) e (56)

where p is the cosine. of the nadir angle. Note that this is the same as the first term on the

right hand side of Eq. (33). The fourth component is the singly scattered solar radiance and is

LS(q', 1, 05= EH(q')P(q';/p, 0, "pO' 00) (57)

whereas its integrated value over the path Is called the singly-scattered path radiance and is

given by

E 0 e / q (/0IpqL PSSJ(q, p, q 0(q')p(q'; ;4 0, -MP0, 0) e dq' (58)
fq

which, for a homogeneous atmosphere becomes

(-VO'Sp(g, Of -1100 00)[e°• "iO"(q0 -q)/•

LpSS(q, p, f) = u + Le -e [ 0e (53)

The fifth component is the rada.ance along a path for which radiant energy Is beinC emitted by

the atmosphre in local thermodynamic equilibrium. It Is
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L (, t0 ' -q 0 (q')] L*(qt) e-(q'-q)/u dq' (60)
PE, f,) q

which, for a homogeneous atmosphere becomes

L ( q,0;,0 e_(q L*(q')dq' (61)

The sixth component is the radiance along a path resulting from multiply scattered radiation.

It is given by
twn(q) Cf2ffl [%

L (, ; W () f241f Iq0p(q,; p, 0, ;A', 0') eq-)ItLD(q', ;A', #')dq' d•' dO'

q (62)

which becomes

L 614, 4 2 I P(; , ;,, #, J e-(M LD(q', 0', ,')dq' dA'do' (63)

for a homogeneous atmosphere.

The sum of the last thre• components is called path radiance, i.e.,

LP(q,, ;) = LPSS(q, p, 0) + LPE(q, g, 0) + LPMS(q,/•, 0) (64)

Therefore, we can write for the total upwelling radiance the general relation

Lup(q, ji, ) t LG (q0,A, O)7 q, q0 , g) + Lp(q, ;j, ) (65)

where

7q, q0$ IA) = e (66)

is the transmittance.

We can now consider the same relations for the radiation observed by an upward looking

observer, The seventh component is the direct solar attenuated beam given by

LH(q, -jA, 0) = EH(q)d(/i - A,)6(0 - -0) (67)

The eighth compor.ent is the singly-scattered solar radiance, Le.,

E0 e q/u fq -(q1g0-1/)q'
(q, w• 0) = 0 0 (q')p(q'; -", 0, -", 00) e (68)

•0

which for homogeneous a t moL'pheres becomes
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(q,-p, W EoP(' -'"PO' 0ol e-q/L e ; (69)

LHSS " 4 O-"e

The ninth component is the radiance along a path due to emission by the atmosphere. It is

Srq_ e (q "q').'ii7O
LPE (q, -/• 0) = Aj [1 - wo(q')] L*(q') )dq

which, for homogeneous atmospheres is

L (q _ oq e-lq q,)/P L*(q') dq' (71)

Finally, the tenth component is the downward radiance due to multiply scattered radiatiol.

It its

L s(q, -1, _: _-o wJ-( P(QJ; " 0, p%' 0) e-(qq')/;' LD(q', A', #')dq'd4t'd0'

(72)

which becomes

L pM(q "-•, A) = 4v;i f P(-IP ? #' W, ,1 e"( ' LDlq', .s', #')dq'dj'd0' (73)

0 *-1

for a homogeneous atmosphere. The sum of the last three components gives us the so-called

sky, or downwellIng, radlance.

LDN(q-, 0) : LttSS(q, -p, 0) LpE(q, -4, 0) + LPMs(q, -1, 0) (74)

A

t
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3

METHODS OF CALCULATING RADIATIVE-TRANSFER FOR SCATTERING

3.1 INTRODUCTION

Scattering occurs from aerosold as well as from molecules in the atmosphere. Compared

to aerosol scattering, molecular scattering is negligible outside of the visible part of the spec-

trum. Significantly, the sun's emission spectrum peaks in the center of the visible region.

Thus, scattering by molecules can be considered confined mainly to the visible region, the

sun being the chief emitter of radiation scattered from molecules, since the peak of the atmo-

spheric radiation, emitted mainly by molecules, occurs beyond 10 Jim. On the other hand,
scattering by aerosols, depending on their sizes, is less strongly dependent on wavelength

and, in cases of heavy haze, can be effective in both the visible and infrared regions. In this

report, we shall be concerned mostly with aerosols of the sizes consistent with so-called

clear-sky or near-clear-sky condition-, so that aerosol scattering in the long wavelength in-

frared region can usually be neglected. In the region of overlap beiveen tb visible and infra-

red parts of the spectrum, or in the long wavelength regions ter cases when aerosol scattering

is not insignificant, we shall consider the mathematical representai'nns of scattering and

molecular absorption to be completely separable.

In this section, we shall consider only the effects of scattering by gaces, and scattering

and absorption by aerosols, in the spectral region 0.3 <A < 2 /um. All methods described are

not given equal space, especially if they have adequate exposure in the external literature.

The Turner method, for example, is given large coverage because its description is found

only in the reporting of contract work.

3.2 EXACT SOLUTIONS

The origins of modern radiative-transfer theory can be traced to the classic works of

Chandrasekhar [421 and Ambartsumian [43] in which they developed the fundamental mathe-
matics for the analysis of radiation in plane-parallel atmospheres. Although the original

work related primarily to astrophysical problems, further advances in the theory during the

last thirty years have led to computational methods which are employed to solve many prob-

lems in atmospheric physics and neutron transport theory.

The mathematical complexities of radiative-transfer theory present major difficulties

to investigators who want to model the natural or artificial radiation field in a scattering
medium. The problem In the determination of the radiation field is basically due to: (1) the

42. S. Chandrasekhar, Radiative Transfer, Oxford University Press, 1950.
43. V. A. Ambartsumian, "Diffuse Reflection of Light by a Foggy Medium," Compt. rend.

(Doklady) Acad. Sci., USSR, Vol. 38, 1943, p. 229.
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uncertainty in the knowledge of the physical state of the medium as a result of one's inability

to measure enough state parameters, and (2) the complexity of the matheviatical analysis or

the length of computer time needed to obtain significant results. It is the latter of thie two

problems to which we will address ourselves in this section.

It is somewhat difficult to define an exact solution to radiative-transfer problems. One

can have an exact mathematical solution to an equation or system of equations which in turn

approximates the real physical medium. We shall mean by exact, those solutions for which

there are no approximations in the basic mathematical formulations of the rad.ative-transfer

equation for ideal atmospheres. Chandrasekhar was able to derive a set of nonlinear equa-

tions which could be solved to dete:mine the radiation field for a homogeneous plane-parallel

atmosphere which Is illuminated by solar radiation. He also considered polarization. Re-

suits based on his analysis for the case of a pure Rayleigh atmosphere are given by Coulson,

et al. [44]. The computations are very laborious and are limited to small optical thicknesses

and to the radiant energy emerging from the top and bottom of the atmosphere. Later, an ex-

tended mathematical study by Busbridge [45, 461, Mullikin [47, 48, 49, 50], and Sekera [511

showed that one can also use the nonlinear equations to determine the radiation field within

the atmosphere and for very large as well as small optical thicknesses. The solutions are

exact for ay optical thickness. For the case of inhomogeneous atmospheres as given by

Eq. (31) the analydis is less well developed. Only in recent years have investigators made

44. K. L. Coulson, J. V. Dave and Z. Sekera, Tables Related to Radiation Emerging from a
Plarnetary Atmosphere with Rayleigh Scattering, 1r.iversity of California Press,
Berkeley, 1960.

45. 1. W. Busbridge, Astrophys. J., Vol. 122, 1955, p. 327.

46. L W. Busbridge, The Mathemat!.:. of Radiative Transfer, Cambridge University Press,
1960.

47. T. W. Mullikin, "RaO:atlve Transfer In Finite Homogeneous Atmospheres with Aniso-
tropic Scattering. [I: The Uniqueness Problem for Chandrasekhar's V'g and #I Equa-
tions," Astrosphy. J., Vol. 139, No. 4, 1964(a).

48. T. W. Y..lLkin, "Radiative Transfer in Finite Homogeneous Atmospt. ýrs with Anlso-
trop'l. Scattering, I: Linear Singular Equations," Astrophys. J., Vol. 139, No. 1,
l0d4(b). -

49. T. W. Mu~lkln, "Chandrasekhar'. X and Y Equations," Trans. of the Amer. Math. Soc.,
Vol. 113, No. 2, 1964(c).

50. T. W. Mullikin, "The Complete Rayleigh-6cattered Field Within . Homogeneous Plane
Parallel Atmosphere," Astrophys. J., Vol. 145, No. 3, 1966.

51. Z. Sek-ra, Reduction of Equations of Radiative Transfer in a Planetary Plane-Parallel
Atmoiphere, iOA-4951-PR and RM-5056-PR, The RAND Corporation, Santa Monica,SCalif., 19f6.s
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progress on an exact solution for inhomogeneous atmospheres [52, 53, 541. It should be

pointed out, h( ;ever, that this is a special form of inhomogeneity for which exact analytic

solutions are I- ssible; it does not necessarily corresoond to realistic atmospheric inhomo-

geneities.

A powerful mathematical method which has been used in recent years to find a rigorous

solution to the radiative-transfer equation is the Normal-Mode Expansion Technique devel-

oped by Case [55, 56]. It is basically an attempt to formulate a solution to the linear transport

equation by using singular eigenfunctions, the unknown expansion coefficients of which are

determined by constraining the solution to fit the boundary conditions. In this way, it is sim-

ilar to the classical methods of solving partial differeatial equations in mathematical physics.

Some of the advantages of this method are: (1) it allows one to understand the nature of the

solutions, and (2) the method can easily be adapted to approximation procedures. This method,

as well as others, allows one to consider the case when w 0 (T) > 1, i.e., a multiplication of the

particles. It is beyond the scope of this report to go into the mathematical details of this

method but the essential ideas can be found in Refs. [57, 58, 59, 60, 61 and 62].

52. Z. Sekera, RAND Publication R-413-PR, RAND Corporation, Santa Monica, Calif.,

1963.

53. J. W. Chamberlain and M. 8. McElroy, Astrophys. J., Vol. 14%, 1966, p. 1148.

54. A. L. Fymet and K. D. Abhyankar, "Theory of Radiative Transfer in Inhomogeneous
Atmospheres, 1. Perturbation Method," Astrophys. J., No. 158, IW69.

55. K. M. Case, "Elementary Solutions of the Transport Equation and Their Applications,"
Ann. Phys. (N.Y.), Vol. 9, 100, pp. 1-23.

56. K. M. Case, Recent Developments in Neutron Transport Theory, Michigan Memorial
Phoenix Project, Lectures Presented at the Neutron Physics Conference, University of
Michigan, Ann Arbor, 1961.

57. K. M. Case and P. F. Zwelfel, Linear Transport Theory, Addison-Wesley Publishing
Company, Reading, Mass., 1937.

58. X. Inonu and P. F. Z-veifel (eds.), Developments in T'rannport Theory, Academic Press,
N. Y., 19,7.

59. N. J. M.cCormick and I. Kurcir, "Halff.Space Neutron Transport with Linearly Aniso-
tropic Scattering," J. Math. Phys., Vol. 6, 1965, pp. 1939-1945.

60. K. M4. Case, On the Boundary Value Problems of Linear Transport Theory, Transport
Th.orry, Vol. 1, R. Bellman, G. Birkhoft and 1. Abu-Shumays (eds.), Proceedings of a
Sympinurn in Applied Mathenatlcn of the American M•athematical Society and the
Society for Industrial anA Applied Mathematics, Providence, R.I, 1969.

61. M. N. Ozi0lk, Radiative Tran.nfer and Interactions with Conduction and Convection, John
Wiley & Son3, N. Y., 1973.

62. B. W. R' , Analytic Functions and Distributions In Physics and Engineering, John
Wiley & Sonm, N. Y., 19"9.
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Although the number of physical problems which can be solved by exact methods Is quite t

limited, these techniques allow one to understand the physical principles and also serve as

standards against which the approximate methods can be compared. We shall now consider

the more practical computation models which are used to calculate the radiation field in

Earth's atmosphere.

3.3 ADAPTATIONS TO EXACT SOLUTIONS

3.3.1 rrERATIVE METHOD

Let us write the equation for total radiance in a homogeneous atmosphere in short wave-

length spectral regions for which thermal emission is considered negligible (or separable)

Inasmuch as in this section we shall be interested only in diffuse radiation, we shall, for the

sake of simplicity, ignore the su.bscript, D, and assert in what follows that L = LD.

-(qo -)/ p 
0 _Iefl %

L(q, t, 0) = L(q0, A, 0) e -(oq/u+ W- 0 f 2nf q p(q*, p, 0, p', #'1 e"(q''q)/A

x L(q', g', *I)dq'dA'do' (75)

or, in a more general form as

L(q) L(q0)T + w0 HL(q) (76)

-(qo -q)/lp
where T e and the operator H is defined by

__ r 2r gi

HL(q) - j lj p(q, ti, 0, %, 0') e (qq)/gL(q', p', 0')dq'd/id0' (77)

Equation (76) can formally be written as

(I - W0 H)L(q) L(q0)1r (78)

and the solution Is

L(q) = (I - w 0n)IL(q0 )T (79)

where (I - derotes the inverse operator and I Is a unit operator. Thus,

L(q)= I + W0 H + &H 0 ... + + 40)L(q 0 )7 (80)

- L(q0)" + w 0HL(q 0)r - w02H 2L(q0)7 + HnL(q0) 7 (81)

which will converge to the exact solution as n - z providing cfrtain conditions hold true for

UP and the operator H. For this Neumann series to converge
57
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I1W0 < 1/M(q -q) (82)

where M is the maximum value of the kernel In integral equation (75). Physically the first

term in Eq. (81) is the directly attenuated radiance, the second term is the singly scattered

radiance, and so on up to the n-th term which represents the scattering of a photon n times

in the atmosphere. It can be seen from Eq. (81) that if the single-scattering albedo w0 is

small, i.e., if there ie little scattering or much absorption, the series can converge rapidly

and only a few terms will provide a reasonable solution. Irvine [63, 64, 65] has applied the

Neumann series method [661 to the solution of radiative transfer problems, and Herman and

Browning [671 have used the Gauss-Seidel method of Iteration [681. Some results of Herman

and Browning's method are illustrated in Figure 5, with polarization included. Here they cal-

culated the radiance emerging from the top and bottom of a homogeneous, plane-parallel at-

mosphere with Rayleigh scattering and compared the results with those of Coulson, et al.

[1960]. Herman et al. [69] extended this analysis to include aerosol scattering in more

realistic atmospheres. Figure 6 illustrates typical results of their calculations for a fit to

experimental data on optical thickness of the atmosphere in the Tucson, Arizona area. The

normalized radiance is shown in the solar plane for a solar zenith angle of -22.50. The quan-

tity q, is the aerosol optical thickness and qT is the total (aerosol plus Rayleigh).

It should be understood that the iteration technique can be quite time-consuming on a

computer, especially if large optical thicknesses and vertical inhomogeneity is considered,

although the computer time can be drastically cut if polarization Is neglected,

3.3.2 SPHERICAL HARMONICS METHOD

The spherical harmonics method has been used for quite some time by investigators in

neutron transport studies. Here we coisider its use for the one-dimensional radiative-

transfer problem. The basic equation for homogeneous atmosphere Is:

63. W. M. Irvine, Astrophys. J., Vol. 152, 1968, p. 823.

64. W. U. Irvine, "Multiple Scattering by Large Particles, II: OptickIly Thick Layers,"
Astrophys. J., Vol. 152, June 1988.

65. W. M. Irvine, An Evaluation of Romanova's Method in the Theory of Radiative Transfer,
in The Atmospheres of Venus and Mars, J. C. Brandt and M. B. McElroy (eds.), Gordon
and Breach, N. Y., 1968.

66. F. B. Hildebrand, Methods of Applied Mathematics, Prentice-Hall, N. Y.. 1952.

67. B. M. Herman and S. R. Browning, "A Numerical Solution to the Equation of Radiative
Transfer," J. Atmos. Scd., Vol. 22, No. 5, 1965, pp. 559-466.

68. F. B. Hildebrand, Intrcduction to Numerical Analysis, McGraw-Hill, N. Y., 1956.

69. B. M. Herman, S. R. Biowning and R. J. Curran, "The Effect of Atmospheric Aerosols
on Scattered Sunlight," .!. Atmos. Scl., Vol. 28, No. 3, 1971, pp. 419-428.
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a's

to 4

(a) Transmitted (b) Reflected

FIGURE 5. TRANSMITTED AND REFLECTED TOTAL INTENSITY, PERCENT POLARIZATION.
The solid curves are from Coulson, et al. ,11960) while the encircled points are from the

calculations of Herman and Browning (1971). (q =1.0, p = 0.4; 0 0).

Iqm =-0.23 jqm -- 0-07

- IcqT = 0.)50 IqT -- 0.34

A .. Pure Rayleigh (R=0.27)

- •r ,•:j_• •• • __. •0 6/15/67 qT = 0.35

Tucsonjuo = 0.9397

Is6/8/67 -T=0.31

a.T

Tucson go 0.9272 •

10 " o o0 2 0 4 .0 6 i a s o 0 0 , 0 , o .0 4 2

FIGURE 6. MEASURED AND TH[EORETICAL
'tRANSMITTED INTENSITIES. (Reproduced
from Herman, Browning and Curran, 1965 ( 691 .
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p-- L(q, 1, 0) - 4J0 p((, 4, A', 0')L(q', g', 0')dA'4¢'
dq 4a

"W- 0P(/A' 09 -A0, 00 )E0 e 
(83)

The basic idea is quito simple; we merely represent the scattering phase function by an ex-

pansion in Legendre polynomials, P,, i.e.,
N

pM ) = A P (M (84)

1 =0

where one uses the orthogonality property of the polynomials to obtain the expansion coeffi-

cients A1 , i.e.,

21 P(+P1

A1  21 + M 1 (4)dt (85)
1 2 fI

In actual practice, the representation of a typical atmospheric haze type polydisperse phase

function will require up to 200 terms. Using the additive properties of the spherical harmonics

we get

P(11, 0, 1', 0') : A 1  I W
f =0

+2 1 jPt (NA)dP () cos m(0' - (86)

If we now expand the radiance in a set of spherical harmonics as
SN

L(q,/1, = g, 0) A1 (q)Pm(I1) ccn m(n00- 0) (87)

m=0 (=m

and insert this expression into Eq. (83) we get a system of differential equations 1

(- m)d 1m .. + I dA•++
(21-1) dq +3) dq

= ( w0 A \�A w0 EH(q)(2 - 80 m)bC,(-4 )m+1Pm(l.)
4=' Aj (88)

21+ 1 jA -j

where
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bm= A m)(89)

with the conditions

(t=m,...,N; Osm-N) (90)

Assuming a solution of the form

Afm(q) = gjm(0) eq (91)

we get an eigenvalue problem. Substituting Eq. (91) into Eq. (88) leads to the matrix equation

AVm = AVm (92)

where A is a square matrix of order 2r, where r is the number of terms chosen, and A = I/4.
05 J3 0 0... 0

am+1 0 0m+1 0 ... 0

A = " .. . . (93)

. .. .2r-2+m

S0 • . a2r-l+m

and the matrix elements are given by

(I + m)(21 + 1)
am+I C2t ( 2f+I ) (94)

(t[ + m + 1)(21 + 1)0 2-+ 3)(21 + I --w 0A(9

The elgenvalues are found by taking the determinant of the matrix equation:

det (A - A•) = 0 (96)

Knowing the eigenvalues A(=1/ )allows one to use Eqs. (91) and (87) along with the appropriate

boundary conditions to determine the coefficients A (T).

This method has bee~a used by neutron transport theorists [70, 71, 79, 73, 74] and by in-

vestigators of radiative-transfer problems (Chandrasekhar, 1950, and Refs. [75, 76, 77. 78]).
74). B. Davison, Neutron Transport Theory, (xford University Press, 1957.

71. J. Yvon, "La Dffuilon Macroscopique des Neutrons: Une Methode d' Approximatlon,"
J. Nucl. Energy 1, Vol. 4, 1957, pp. 3205-318. X

(References Continued)
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One of the problems encountered in using this method is the propagation of roundoff errors.

The matrices are ill-conditioned in some instances and the system is numerically unstable.

Canosa and Penefiel, however, were able to produce well conditioned matrices and ellminate

most of numerical instability by using various transformations on matrices. Under certain

conditions as for example, a Rayleigh-type atmosphere, the spherical harmorucs method is

much faster and more accurate than the iterative technique, but for realistic atmospheres with

strongly anisotropic aerosol scattering the advantage over the iterative technique is not that

great. This is because many coefficients (A2 ) are required in Eq. (84) to represent the scat-

tering phase function, which Increases the size of the matrix (Eq. 93), whereas. the iterative

method is independent of the aegree of anisotropy. Because of recent advancements in ma-

trix computer analysis [78], the spherical harmonics (Pd) method can be nmade more efficient

than the Iterative technique for thick atmospheres. Typical computer times are given in

Table 3 by Canosa and Penefiel for the calculation of fluxes in homogeneous atmospheres,

i.e., integrals over the angles O and 0. The work was done using FORTR4AN IV with an H

compiler on an IBM 360/195. Table 4 gives the storage requirements using double precision

arithmetic.

There are other methods which have been used which are quite similar to the spherical

harmonics or P1 method. One is the Gauss quadrature method which approximates the scat-

tering integral by polynomials (Kofink, 1967). Another variation, used especially in neutron

transport studies is the double P1 method in which the radiance is expanded into separate

Legendre series, one for g > 0 and one for Mu < 0. T"his gives a better representation of the

'72. E. M. Gelbard, Spherical Harmonica Methods: Pt and Double-Pt Approximations, in
Computing Methods in Reactor Physics, H. Green-pan, C. N. Kelber and D. Okrent
(eds.), Gordon and Breach, N. Y., 1968.

73. W. Kofink, Recent Developments in the Spherical Harmonics Method and New Integral
Solutions of the Boltznan-.n Eouation in Spherical Geometry, in Developments in Trans-
port Theory, E. Inonu and P. F. Zwf Lel (eds.), Academic Press, N. Y., 1967.

74. M. M. R. Williams, Mathematical Methods in Particle Transport Theory, Wiley-
Interacience, N. Y., 1971.

75. E. M. Feigelson, M. S. Malkevich, S. Ya. Kogan, T. D. Koronatova, K. S. Glazova and
M. A. Kuznetsova, Calculation of the Brightness of Light in the Case of Anisotropic
Scattering, Consultants Bureau Inc., N. Y., 1960.

76. J. Marengo, "Application Numerique de Ia Methode des Harmoniques Spheriques," Nouv.
Rev. d'Optique Appliquie, Vol. 1, No. 3, 1970, pp. 181-190.

77. J. C. Guillemot, "Contribution a L' Ebtde du Transfert de Rayonnement dans les Nuagea
par la Methods des Harmoniques Sphtriques," Revue d'Optlque, Vol. 46, No. 6, 1967,
pp. 281-308.

78. J. Canosa and H. R. Penaflel, "A Direct Solution of the Radiation Tranfel Equation:
Application to Rayleigh and Mie Atmospheres," J. Quant. Spect. Rad. Trans., Vol. 13,
1973, pp. 21-39.
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TABLE 3, NET FLUXES FOR A MIE ATMOSPHERE OF ONE OPTICAL THICKNESS.
All cases solved usin& 64 layers.(From Canosa and Fenafiel, 1973 ['i8].)

Net Flux Computation
Integral equation Spherical harmonics time (sec)

Cosine of iteration method (PL) methnd** 1BM 360/195
the sun's No. ci

zenith angle Wavelength Condition-
(%o) Haze* () Top Bottom Top Bottom L ing Points ti tsh

1.0 L 2.45 2.7193 2.7193 2.7193 2.7193 9 0 18.41

0.5 L 2.45 1.0612 1.C605 1.0599 1.0600 9 0 20.84 0,17t

-0 L 0.595 2.8130 2.8176 2.8130 2.8130 21 2 21.17

0.5 L 0.595 1.1402 1.1387 1.1394 1.1395 21 2 21.17 0.86t

1.0 L 0.3025 2.807d 2.8078 41 4

0.5 L 0.3025 1.1511 1.1501 1.1506 1.1507 41 4 24.15 4.19t

0.5 M 0.3025 1.1825 1.1818 1.1821 1.1822 6- a 24.77 16.78t

1.0 M 0.3025 2.8466 2.8466 67 8

0.8 M C.3025 2.1747 2.1748 67 8

0.6 M 0.3025 1.5076 1.5077 67 8

0.4 M 0.3025 0.8693 0.8694 67 8

0.2 M 0.3025 0.3275 0.3278 67 8 19.281

This timing is for the two values of g shown for the given wavelength, which are
solved ,n one pass.

t This timing is only for the value jo = 0.5.
IThis time is for the five values of o shown for Haze M, X = 0.3025 A, which are

solved in one pass.
*L = terrestrial haze; M = marine haze

**L + I = No.of terms in expansion

TABLE 4. STORAGE REQUIREMENTS FOR DOUBLE PRECISMON (From Canosa and

Penafiel, 1973 [78].)

Approximation L No. of layers No. of cond. points Storage

7 64 3 115K

7 128 3 120K

15 128 17 130K

21 64 3 250K
41 64 5 306.3K

67 64 9 585K

7 512 33 156K
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radiance than twice as many terms in the single Legendre seriea. An outline of this is given

by Case and Zweifel (1967) and Gelbard (1968). So far this method has not been tried for ra-

diative transfer problem,.

3.3.3 D13CRETE ORDINATES METHODS

There are many problems, especially in nuclear reactor analysis, which are extremely

difficult to solve analytically by the usual methods. An approximate technique which has been

used for some time is that of discrete ordinates. One can discretize the angular variables,

the space variables, or both in order to arrive at a set of difference equations. This method

is therefore more easily adapted to computer mnethods.

The first method using discrete ordinates wae that of Wick r79] in which the angular in-

tegration is replaced by a weighted sum. For simplicity let us consider the radiative-transfer

equation with azimuthal symmetry:

JA d ) = L(q, g) - -2 -Jtp(;, A')L(q, g') du' (97)

The angular integral is replaced by a summation

p(i4 ;L')L(q, ;A') dg'2 'i p(I, ti)L(q, ji)wi (98)

where the gi are zeros of the Legendre polynomials PN (p) and the w1 are Christoffel numbers

or relative weights. Recently, an efficient variation of this method bas been developed by

Whitney [80] based upon a special choice of di3crete angles. According to Whitney, the com-

puter program is much faster than previous programs and certainly faster than Monte Carlo

programs. At the present time, some of the disadvantages are that it is ýdifficult to use un-

less curvature is significant, and that fluxes are difficult to determine. Also, it is desirable

that estimates bc made of computer time and accuracy.

Another variation of the discrete ordinates method is the SN method in which the angular

interval -1 s ;L s 1 is divided into N subintervals [ 1 ]1, ] I f 1, 2,... , N and the radiance

is assumed to vary linearly with g:

L(q, IA) = L(q, Ii) + , L(q P. 14 ) (99)

79. G. C. Wick, L. Phys., Vol. 121, 1943, p. 702.

90. C. Whitney, "'mllications of a Quadratic Stream Definlllon In Riative Transfer
Theor.'," J. Atmo. Sci., Vol. 29, No. 8, November 1972, pp. 1520-1530.
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When Eq. (99) is substituted into the radiative-transfer equation, a set of N equations results,

known as the SN set. This procedure has the advantage that it can be applied to a large number

of geometric configurations bcth of boundaries and rou.ces. Some of the disadvantages are

that negative fluxes may result and a very fine mesh is needed for high accuracy. Because of

its utility in nuclear reactor problems, many programs and options have been developed over

the years. A summary of some of these programs is given by Lathrop [81] and C&rlson ard

Lathr3p [82], and the basic ideas of the SN method are described by Lee [83]. For investiga-

tions in radiative-transfer, these programs are somewhat cumbersome to use. Nevertheless,

an almost complete compilation is provided by the Radiation Shielding Information Center at

the Oak Ridge National a.boratory.

The discrete ordinates approach to solving the radiative-transfer equaticu is regarded by

some as a more fundamental methooa of solving the equation rather than being an approxima-

tion to an exact formvlation. Thus, there has emerged a rigorous basis for the so-called dis-

crete space theory t'y Preisendorfer [84]. These ideas have culminated in the practical appli-

cation of discrete space theory to the solution of the radiative-transfer equation by Grant and

Hunt [85, 86], and Hunt and Grant [87]. This method has been applied to a number of practical

problems but limitations do exist. So far only a Lambertian surface has been considered and

multidimensional problems have not been investigated in detail. Also the computer time can

be significant especially for a large number of parameter values.

3.3.4 INVARIANT IMBEDDING

Another method which has been successfully used in the analysis of transport problems

is that of invariant imbedding. Many of the ideas of the invariant imbedding approach were

81. XL D. Lathrop, "Discrete Ordinates Methods for the Numerical Solution of the Transport
Equation," Reactor Technology, Vol. 15, No. 2, 1972, pp. 107-135.

82. B. G. Cartson and K. D. Lathrop, "Transport Theory, The Method of Discrete Ordinates,"
Computing Methods In Reactor Ftysics, H. Greenspan, C. N. Kelber and D. Okrent,
(eds.), Gordon and Breach, New York, 1968.

83. C. E. Lee, The Discrete SN Approximation for Transport Theory, Report No. LA-2%9',
Los Alamos dclenttllc Laboratory of the University of Calif. Los Alanon, N. M.,
1962.

84. R. Preisendorfer, Radiative Transfer on Discrete Spaces, Pergamon Press, Oxford,
1965.

85. 1. P. Grant and G. E. Hunt, "Discrete Space Theory of Radiative Transfer, 1: Funda-
mentals," Proc. Roy. Soc. Lond. A., Vol. 313, 1969(a), pp. 183-197.

86. I. P. Grant and 0. E. Hunt, "Discrete Space Theory of Radiative Transfer, IT: Stsbility
and Non-Negatlvity," Proc. Roy. Soc. Lond. A., Vol. 313, 1969(b), pp. 199-216.

87. C. E. Hunt and I. P. Grant, "Discrete Space Theory of Radiative Tranafer and Its Appli-
cation to Problem~s in Planetary Atmospheres," ,.. the Atmos. Bel., Vol. 26, September
1969, pp. 963-972.
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formulated by Arnbarzumian (1943) and Chandraselhar (1950) based upon fundamental princi-

ples of invariance. However, the first application of invariant limtedding to the practical solu-

tion of radiative-transfer problems was by Bellman and Kalaba [881 witn numerical results

by Bellman, Kalaba, and Prestrud [89J and Bellman, Kaginunda, Kalaba, and Prestrud (901.

For the purposes of illustrating the Invariant imbedding approach to the solution of

radiative-transfer problems, let us consider radiation incident on a thin slab and at an ar.gle

00 with respect to the outward normal to the surface. The reflected radiation will be at some
-k'xangle 0 as illustrated in Figure 7. The beam intensity will be reduced by an amount e

through the infinitesimal slab of thickness x, or ~-1-k'x. A fraction of the energy is reradiated.

This fraction is the single-scattering albedo w0 . For simplicity, we shall have azimuthal

symmetry and assume that each scattering is Isotropic. If we denote 1(%0, B, x) as the specific

intensity of relected radiation (in using I, we retain the nomenclature of the original work), then

for the specific intensity at x + A as illustrated in Figure 8 we get

1(00, Gix +)= A -) I I( 00,0,x)(X .k(x),) +

2vk'(x)w0 (x)6 vr/2
41 J 106, 0, x) sin B' d&

" ~ ~ ~ ~ ~ 0 0-rr2k~~

+ i 24 g k'1~~(8) I0e, 0', x) sin O'dO'r/2 k'l)• (x) w /
+ 2• 4•' I00,(O', xsin)0sin

" 41 2 [fl 1(80P e'. x) 0, sin OW 106. 0 x) sin 0(xd,
041rg~t 0d

(100)

where/g = cue 6 and •0 = cos 00. The first terzic in Eq. (100) is due to losses (absozption) in

passing through the layer of thickness A on the way in and on the way out. The second term

is the contribution due to direct scattering from the layer of thickness A while the third term

is due to radiation which is scattered in the layer of thickness A and then reflected from the

slab of thickenss x. The fourth term represents radiation reflected from the slab of thickness x

88. I. Bellman and R. Kalaba, "On the Principle of Invariant Imbedding and Propagatlor.
Through Inhomogeneous Media," Proc. Nat. Acad. Sci., USA, Vol. 42, 1956,
pp. 629-632.

89. It. Ballman, R. Kalaba and M. Prestrud, Invariant Imbedding and Radiative Transfer in
Mlabs of Finite 'hicknens, American Elsevier Publishing Company, New Yort, 196.4.

90. R. Bellman, H. Kagtwada, I. K!1_za As II M. Prestrud, Invarlart Imbedding and Time
lDependent Processes, Amcrican Elsevi ýr Publishinf Company, New York, 1964.
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00

x

FIGURE 7. INVARIANT IMBEDDING
CONFIGURATION

A x

FIGURE 8. ADDITIVE SLAB CONFIGURATION
FOR .VRATID2D~

67

in ; . . . ... . . . .. . .. . .. . . . . . . . .



\

•iiFORM. ERMLY W".LOW RUN L&A ORATOWIES. THE U 41VIRSIT f OF MICHIAN

/
/

/
and then scattered in the layer of thickness A. The last term, which is nonlinear represents the

contribution of radiation that is reflected from the slab of thickness x, ecattered in the layer of

thickness A, and then rereflected from the slab of thickaiess x. Additional terms of order A2

are small and are ignored. Passing to the limit as A -0 and defining

R(ý, go, x) = It(0, 9, x)%/4 (101)

we get the following nonlinear integrodifferential equation:

ax1 [eR k(x)(+)R =L + 1M',I X)ýl] [I i~f R(", uo., x)4l (10 2)
k'(x)wo(x) L (x 1/ 2  L 2J0  A

with the initial condition

R(A, 0O' 0) = 0 (103)

Thus, we see that we have a non-linear lntegrodifferertial equation subject to an initial value

condition instead of the usual linear transport equation with a two-point boundary condition.

The advantage of using this method is that an initial vilue problem can be solved easily by

means of a simple iteration procedure on a computer whereas the classical approach using

the two-point boundary condition usually involves the solving of a large system of linear equa-

tions. Also, there is the additional advantage that the radiation field is calculated as a func -.

tion of the distance x into the slab and thus we are able to determine the internal radiation

field. For computations, Eq. (102) can be converted into a system of ordinary differential

equations using a quadrature integration method for the integrals.

In recent years, the invariant imbedding approach has been applied to a great number of

problems, including anisotropic scattering [91], spherical shell atmospheres [921 and time

dependence (93]. Comparisons have been made between Chandrasekhar's results and those

baeed on invariant imbedding, and the agreement Is good. Some of the disadvantages of this L

technique are the long computer time especially for optically thick media and the fact that

each problem requires a whole new formulation of equations.

91. H. H. Kagiwada jid R. E. Kalaba, "Estimation of Local Anisotropic Scattering Proper-
tien Using Measurements of Muliply Scattered Radiation," J. Quant. Spect. Rad. Trans.,
Vol. 7, 1967, pp. 295-303.

92. S. Ueno, H. Kagiwada and R. Kalaba, "Radiative Transfer In Spherical Shell Atmo-
spheres with Radial Symmetry," J. of Math. Physics, Vol. 12, No. 6, 1971, pp. 1279-
1285.

93. P. E. Bellman, H. H. Kagiwada and R. E. Kalaba, Time-Dependent Diffuse Reflection
From Slabs with Multiple Scattering, Memo RM-5070-PR, The RAND Corporation,
July 1966.
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3.3.5 DOUBLING TECHNIQUE

In the case of the Iterative solution we found that convergence of the Neumann series was

very slow,especially for thick atmospheres. Also, in the invariant imbedding method the addi-

tion of many thin layers to obtain a thick atmosphere is time consuming. It was van de Hulst

[94] who first considered the simplification of adding layers of which each successive one

was twice the optical thickness of the preceding layer. Thus, even though one starts the com-

putational process with a very thin layer TO, after say 10 cycles, a thickness of 210?0 is

reached. Hence, we have a very rapid computational procedure. Some of the disadvantages

are that only homogeneous atmospheres can be d.,alt with efficiently and the overall accuracy

is difficult to estimate. Nevertheless, some interesting results have been found using this

method in the analysis of clouds by Hansen [95, 96].

3.3.6 MOMENT METHODS

Another mathematical method which has been devised to solve radiative-transfer prob-

lems is the moments method originally devised by Krook [97] and later developed by Sherman

[981 and Liner [99]. Basically, the method is quite simple. One defines the quantities

Mn = /L(q, ;i) dM (104)

with the corresponding positive and negative half moments,

° Ill= ot = AL(q, p) di (105)

n

94. H. C. Van de Hulst and K. Grossman, "Multiple Light Scattering In Planetary Atmo-
spheres," The Atmospheres of Venus and Mars, J. C. Brandt and M. B. McElroy (eda.),
Gordon and Breach, N. Y., 1968.

95. J. E. Hansen, "Exact and Approximaie Solutions for Multiple Scattering by Cloudy and
Hazy Planetary Atmospheres," J. Atmos. Scl., Vol. 29, No. 3, May 1969(a), pp. 478-
487.

96. J. E. Hansen, "Radiative Transfer by Doubling Very Thin Layers," Astrophys. J., Vol.
155, February 1969(b).

97. M. Krook, Astrophys. J., Vol. 122, 1955, p. 488.

98. M. P. Sherman, "Moment Methods in Radiative Transfer Problems," J. Quant. Spect.
Rad. Trans., Vol. 7, 1967, pp. 29-109.

99. R.Tr. Liner, Jr., Moment and Discrete Ordinate Methods in Radiativ3 Transfer Prob-
lems, Vol. 9, 1969, pp. 721-732.
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It should be noted that the zenith moment is the average radiance and the first moment is the

irradiance or flux. Hence, one can use these expressions in the radiative-transfer equation

to get a solution to any order n, i.e.,

n-i
L(q, p) n= An(q)A n (107)

where the An are expansion coefficients. It turns out that this procedure is equivalent to the

discrete ordinates method using a half range with similar degrees of accuracy.

3.3.7 MONTE CARLO

A statistical procedure called Monte Carlo has been used in particle transport analysis

for the past thirty years. It consists basically uf a particle counting method with probabilities

associated with the physical processes involved. Much c' the early work dealt with neutron

transport in complicated geometrical systems whereas ir recer. years the method has been

applied to a variety of problems including photon transport in the atmosphere.

The basic description of a Monte Carlo process is as follows: One devises a computer

program in which the physics of the problem is described in a probabilistic manner. Along

with a well-defined coordinate system and boundary conditions the particles are released

from a source and then they are followed as they undergo scattering and absorption. The

processing continues until reasonable statistical estimates have been obtained. In this geaieral

way, Collins and Wells [1001, Collins [1011, and Wells and Marshall [102] have calculated the

visible radiation ficld within the atmosphere and Plass and Kattawar [1031, and Kattawar and

Plass [104] have done similar calculations for clouds.

The main advantage of the Monte Carlo procedure is that very complicated geometrics

can be considered. The main disadvantage is the excessive amount of computer time which is

100. D. G. Collins and M. B. Wells, Monte Carlo Codes for Study of Light Tranrport in the
Atmosphere, Vol. I. Description of Codes, Vol. 11, Utilization, ECOM-00240-F I,
ECOM-00240-F 11, 1965.

101. D. G. Collins, Atmospheric Path Radiance Calculations for a Model Atmosp.here, Report
No. AFCRL-68-0124, Air Force Cambridge Research Laboratories, Bedford, Mass.,
1968.

102. M. B. Wells and J. D. Marshall, Monochromatic Light Intensities Above the Atmobphere
Resulting from Atmospheric Scattering and Terrestrial Reflection, Radiative Research
Assoc., Inc., FL. Worth, Tex., 1968.

103. G. N. Plans and G. W. Kattawar, "Influence of Sing'le Scattering Aloedo on Reflected and
Transmitted Light from Clouds," Appi. Optics, Vol. 7, No. 2, February 19•8, pp. 361-367.

104. G. W. Kattawar and G. N. Plans, "Infrared Cloud Radiance," Appl. Optics, Vol. 8, No. 6,
June 1969, pp. 1169-1178.
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expended to obtain reasonably accurate values. The accuracy is proportional to the square

root of the number of particles counted. Except for unusually complicated geometries it is

probably best that the user apply less computer-time coneuming techniques.

3.4 APPROXIMATE METHODS

The methods discussed in the preceding sections all have one thing in common: they pro-

vide mathematically exact solutions to certain classes of radiative-transfer problems if one /

continues to increase the number of terms in a series or if the computer time is increased.

High accuracy, however, is not always necessary, especially in many engineering applications, /

because usually one does not know the pertinent input paramete:" values well enough. Speed

and overall efficiency of operations are often more important and for these reasons it is de-

sirable to have mathematically approximate models which use very little computer time and

which give reasonably accurate results.

3.4.1 SCHUSTER-SCHWARZSCHILD METHOD

Early in the twentieth century, Schuster (1905) and Schwarzschild 11051 introduced a sim-

ple method of directional averaging. The radiation field is assul2ed to be nearly Isotropic and

averages are taken over the upward and downward hemispheres:

L+(q) =O fO0 L(q, 1•, 6) djido (108)

r2n
L_(q) - 0 L(q, t4 )d1idO (109)

and also a weighted average,

E - pL(q, ip, 0)djido (110)

+ (q) FO ' f-

Then, with the assumption of a nearly isotropic field we have

+~q 2 +~~q (112)

E.(q) j _.q, A

105. K. Schwarzschild, "Uber das Gleichgewlcht der Sonnenatmosphere," Gottinger
Nachrlchten, Vol. 41, 1906.
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Using these formulas in the radiative-transfer equation with an isotropic scattering law,

A-d-= L(q, A, ) - 4-.iL(q, M', 0')dM'dO' (113)

provides us with two differential equations instead of the integro-diffcrential equation.

dEZ+(q)
d = (2 - w0 )E+(q) - w0 E.(q) (114)

dE_(q)

dq W 0oE+(q) - (2 - w0 )E_(q) (115)

When these coupled equations are solved using the appropriate boundary conditions one ob-

tains the irradiance (upward and downward) at any point in the medium. Because of the as-
sumptions on the directionality of the field (Eq. 112) we expect a model based upon these as-

sumptions to be especially valid deep within an atmosphere rather than near the boundaries.

3.4.2 EDDINGTON METHOD

In 1926, Eddington [1061 introduced another averaging method. This time we average

over all space rather than over hemispheres, i.e.,

f 21 1 L(q, ý4 ) dg do (116)

Integrating Eq. (113) gives

!;(q) - w0E(q) (117)

which shows that the flux .(q) is a constant if there is no absorption. Multiplying Eq. (113) by

js and integrating over all space gives

dK (118)
dq

where

4,(q) 1 r4--fi-n rl.q, L i, O)d dd (119)

and

106. A. S. Eddington, The Interval Constitution of the Stan, Cambridge University Prese,
1926.
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K(q) = f AXIg2L(q, ju, #)djdO (120)

The Eddington assumption is that the field is almost isotropic, i.e.,

K(q)a 1/31 (121)

or

2-d2-± 3 (1 -L 0)31 q) (122)

We expect this approximation to hold when we have very thick atmospheres.

Comparisons have been made bt-tween the Schuster-Schwarzschild (two-stream) model
and the Eddington model (Irvine, 1968). The conclusion is that the two-stream model is bet-

ter when low crder Ficatterir.g dominates. The Eddlngton method fails for conditions near the

boundary (i.e., for lurge solar angles).

3.4.3 ROMANOVA'S METHOD

One of the major difficulties involved in the solution of the radiative-transfer equation Is

how to deal with the high degree of anisotrophy of the scattering phase function. Romanova

[107, 108, 109] has developed a method based upon a small angle approximation similar to
that used by Wang and Guth [110] in nuclear physics. If one were to expand the phase function
in a series of Legendre polynomials many terms would be required and this leads to the

rather difficult eigenvalue problem in the spherical harmonics method. Romanova's method

consists of expressing the radiance as the sum of two terms, one for small angles, i.e., the
highly anisotropic part of the phase function, and another for the remaining part of the phase

function.

L(q, j,4 ) Lsa(q, t, #) + L(q, ±,ý ) (123)

The Lsa(q, •, t) solution is found by replacing g by A0 in the radiative-transfer equation and

new boundary conditions, i.e.,

107. L. M. Romanova, "The Solution of the Radiative -Transfer Equation for the Case When
the Indicatrtx of Scattering Greatly Differs from the Spherical One, I," Opt. SpeL,
Vol. 13, 1962(a), p. 429.

108. L. M. Romabova, 'Solution of the Radiative-Transfer Equation for the Case of Highly
Nonspherical Scattering Index, !1," Opt. Spek., Vol. 13, 1902(b), p. 819.

109. L. H. Pomanora, "Radiation Field in Plane Layers of a Turbid Medium with Highly
Anisotropic Scattering," Opt. Spek., Vol. 14, 1963, p. U32.

110. M. C. Wang and E. Guth, Phys. Rev., Vol. 84, 1951, p. 1092.
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C(qp, g :o , 1A > 0

~<o (124)L.(q, g•, s) =-e(q) AP 0)v A < 0(14

The radiance L(q, 4, 0) can then be expanded in a series of Legendre polynomials and pre-

sumably it will require fewer terms since most of the anisotropy is accounted for by the

L (q, u, #) term. Irvine (1968) has made comparisons between Romanova's method and the

doubling method and found excellent agreement over a wide range of angles and optical thick-

nesses. No estimate is given for the amount of computer timne but it is considerably reduced

over the other more conventional techniques.

3.4.4 THE TURNER METHOD

The development of large-scale computer processing of multispectral remote sensing

data has led to the requirement that atmospheric corrections be made on a point-by-point

bAsis. Thus, it is necessary to know radiances and other radiometric quantities at many

points throughout a scene. What is needed then, is an atmospheric radiative-transfer model

which is fast, accurate, and adaptable to a range of environmental conditions. Turner [111,

112, 113, 114] has developed a modified two-stream iterative model especially designed for

hazy atmospheres.

The one dimensional radiative-transfer equation to be solved is

dL "0oC2• J1  EH(q)w02v-= L(q, •, €) - p(;', ', #'9 *')L(q, g', O')dgi'dO' 4- E H P(q'w( P "4 ' g 0)

(125)

where the scattering phase function is approximated as

p(p, #, g', *') 4vi78(g' - p)8(0, - 0) + 4v(1 - W)O(W' + 0)0(0' - - 0) (126)

where il represents the fraction of the radiation scattered Into a forw-ard hemisphere, i.e.,

111. R. E. Turner, Remote Sensing in Hazy Atmospheres, Proceedings of ACSM/ASP,
Meeting In Washington, D. C., March 1972.

112. R. E. Turner, "Atmospheric Fifects In Remote Sensing," Remote Sensing of Earth Re-
sources, Vol. II, F. Shahrokhl (ed.), University of Tennessee, 1973.

113. R. E. 1%rner, "Contaminated Atmospheres and Remote Sensing," Retnote Sensing of
Eartl. Resources, Vol. MI, F. Shsirokhi (ed.), University of Tennessee, 1974.

114. R. E. Turner, Radiative Traneer on RPal Atmospheres, Report No. 190100-24-T,
Environmental Research Inatitute of Michigan, Ann Arbor, July 1974.
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= 2J0 J 0 p(Wd dx (127)

=f p(t)d 0(128)

For Rayleigh scattering '7 = 0.5 whereas for aerosol scattering in the visible region 17 - 0.95.

Using Eq. (126) in Eq. (125) and a similar assumptkon regarding the radiation field, i.e.,

L(q, ji, 0) = -"E+(q)(M1 - •0)6(0- + - %0) + E'(q)o(p& + pj0)6(0 - 0)] (129)

where E+(q) and E'(q) are irradiances in the upward and eowiryard directions respectively,

we gel two complex linear differential equattons for E+(q) and E'(q):

dE+(q) I - 0 Eq wo -q)dq E'(q)- 0 E'(q) (1-(l-(q) (130)-j =-.•o + O1 -0
dE(q I - -w0 (1 (I) (q

. 1 E' (q) - -E'(q) () 131)
dq Ao - JO + - 0?1E(q

The 1/j 0 dependence is included to normalize the diffuse irradiance field. The primed quan-

tities indicate that we are calculating the field for a surface albedo of zero. The solution to

these equations and similar ones for an isotropic radiation reflected from a Lambertlan sur-

face are too complicated to be presented here but their functional form is given by

E+l(q) = 0E0 f+(1, k, woo, p•o p, q, q1) (132)

El(q) = Pg0E 0 f _(l, k, w0 , l 0, pp qv q1) (133)

E.(q) = p0E 0 [f ('7 k, w0 , p0o pp q, q0) + e (134)

where E +(q), E(q), and E (q) are the upward diffuse, downward diffuse, and total downward

irradiances respectively, and

k - V/r(1 "0011+ w ' ý 2w '01/ 1;o135)

A computer program was written which allows one to calculate these Irradiance components

as a function of wavelength, eolar zenith angle, single-scattering albedo, surface albedo,

altitude, visual range, and optical depth. Figure 9 illustrates the diffuse downward component

for the Turner method where q 0.5 and 0 = 00, thus simulating a Rayleigh atmosphere.

i0
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101

Our Calculation
- -Exact Calculation

1000

Ell

N

10100 1011

OPTICAL THICKNESS

FIGURE 9. NORMALIZED DOWNWARD DIFFUSE IRRADIANCE VS OPTICAL
THICKNESS FOR VARIOUS SURFACE REFLECTANCES. p =surface reflect-
ance; solar zenith angle 00; no absorption; Rayleigh atmosphere.
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Kahle [1151 carried out a similar calculation using the results of Chandrasekhar's exact cal-

culation for a Rayleigh atmosphere. Using the scattering functions calculated by Sekera and

Kahle •118] we have also calculated the exact results ard compared them with the approxi-

mate calculations as are illustzated in Figure 9. The agreement is good considering the ap-

proximations that are used. It should be noted, however, t. it a homogeneous atmosphere is

assumed and polarization is not included in the present development. For the usual optical

thicknesses for Earth's atmosphere ard reasonable reflectances the agreement is quite good.

A similar comparison, shown in Figure 10 was carried out for the diffuse radiation emitted

by the atmosphere. One advantage of the approxin;ate model, as with some other models as

well, is that the irradlances can be determined at any interior point of the medium. Thus, it

is possible to see how the radiation field changes as one goes from the bottom to the top of

the atmosphere [117].

Using a relation similar to Eq. (129) and the irradiances as determined above one can

then find the spectral radiances. These are given formally as

Z• =LS(7, k, w0' A01 At Of pp q9 q0) (136)

Lp = Lp(-7, k, w0, g, 0.t, F, q, q0 a) (137)

LT = LT(q, k, w, I Pot Of PV p, q, q0O) (138)

where LS is the spectral sky radiance at any point in the medium (i.e., the radiance for an ob-

server looking into the upper hemisphere) and L is the path radiance (i.e., the radiance for

an observer looking into the lower hemisphere at a target with zero reflectaice). LT is the

total spectral radiance for a downward look!ng observer. It should be noted that LT is not

only a function of the background albedo p but also of the target reflectance p. In general then,

LT - G+ Lp (139)

where LGrepresents the radiance at the surface and T is the transmittance from the surface
to the ouserver.

The computational accuracy of this model was tested by comparing it with exact results.

Figure 11 illustrates the cnmparison between the Turner method calculations and those of

115. A. B. Kahle, "Global Radiation Ennergirg from a Rayleigh -Scttering Atmosp,4.ere of
Large Optical Thickness," Asirophys. J., Vol. 151, Februar.y 1G0.

11e. Z. B(kera and A. D. Kahle, Scatterirg Functions of Rayle!;;h Atmcrrheres of Arbitrary
Thirkness, R-4520PR, The RAND Co-poratlon, Santa Monica, Ca:'i., 196i.

117. W. A. Malitla, R. B. Crane, A. Omarzu and 1. E. Turner, Sid'e3 of Spectral Discrtmlna-
tion, Report No. 31650-22-T, Willow rihn Laboratolc,& of tlhe Irtlitute of Scieice and
Technology, Univeraity of Michigan, Ann Atbor, 1971.
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1.0
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-- //Our Calculation
• 0.4 ---- -Exact Calculation !
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0 Ii I titIIII I I 11I III

100 101 102

OPTICAL THICKNESS

FIGURE 10. PLANETARY ALBEDO VS OPTICAL THICKNESS FOR VARIOUS
SURFACE REFLECTANCES. Solz.r zenith angle = 00; no absorption; scan

angle = 00; Rayleigh atmosphere.
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10"1 Dp 0.8

® p =0.25

10.2

SOur Calculations

-- - Exact Calculations
p= 0.0

10 I I 2 1 I I

102 10- 100

OPTICAL THICKNESS

FIGURE 11. NORMALIZED PATH RADIANCE AT THE TOP OF THE
ATMOSPHERE VS OPTCAL I HICKNESS FOR SEVERAL SURFACE
REFLECTANCES. p = surface reflectance; solar zenith angie= 00;

no absorption; Rayleigh atmosphere.
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Coulson et al. (1960). E0 is the extra-terrestrial irrz.atan.-e due to 'the sun. Figure 12 de-

picts the path radiance as a function of q0 for those run angles. For certain angles and for

large optical thicknesses there is some discrepancy between the exact and approximate cal-

culations. In figure 13, we see the variation of sky radiance with solar zenith angle for two

different optical thicknesses. Both the magnitudes and the angular variations agree well ex-

cept for the case of large solar angles (:750) and larger optical thicknesse". As a final illus-

tration of the accuracy of the approximate mod 1 we present the total spectral radiance as a

function of nadir angle in Figure 14. Otter results have been reported in the literature [118].

The method is quite adaptable to a wide range of geometrical problems. For example, the

influence of background albedo or target radiance vs multiple scattering is being explored

(Turner, 1974) and various other multidimensional models are under Investigation. Finally,

we present In Figure 15 a diagram which illustrates the basic radiatio.1-trar.sfer multiple

scattering model as developed at ERIM.

118. W. A. Malila, R. B. Crane and R. E. Turner, Information Extraction Techniques for
Multispectral Scanner Data, Report No. 31650-74-T, Willow Run Laboratories of the
Institute of Science and Technology, University of Michigan, Ann Arbor, 1972.
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FIGURE 12. NORMALIZED PATH RADIANCE AT THE TOP OF THE
ATMOSPHERE VS OPTICAL THICKNESS FOR VARIOUS SOLAR ZENITH

•' ANGLES. Surface reflectance = 0.0; no absorption; scan angle =0°;
; Rayleigh atmosphere."N / S//
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INPUT

I Date
Solar Zenith Angle (Time, Date) Wave

Zenih Vew rgl Wavelength
Zenith View Angle I Base Atmospheric Temperature
Nadir View AngleNadirvie Anghle A e Base Atmospheric Pressure
Relative Azimuthal Angle I

Target Reflectance Visual Range (Optical Thickness)

Background Reflectance Aerosol Refractive Index
I Aerosol Size DistributionTarget Radius I Sensor Altitude

Air Refractive Index

Single-Scattering Albedo

Single-Scattering Phase Function

Optical Depth

OUTPUT
/

Transmittance

Irradiance

Surface Radiance

Beam Radiance

Singly-Scattered Solar Radiance

Doubly-Scattered Solar Radiance

Singly-Scattered Surface Radiance

Path Radiance (Multiple Scattering)

Sky Radiance (Multiple Scattering)

Total (Beam plus Path) Radiance

FIGURE 15. TURNER RADIATIVE TRANSFER MODEL
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4

THEORY OF ATMOSPHERIC ABSORPTION

4.1 INTRODUCTION

In this chapter we continue to maintain the separabili'y of the scattering and molecular

absorbing parts of the radiative transfer equation. In this way we can discuss the process of

absorption as if no radiation were scattered from the beam, so that only molecular absorption

occurs. This is analogous to the manner in which we ignored molecular absorption in the dis-

cussion of scattering. Thus, the report can be separated into two essentially independent parts.

one devoted to scattering and one, to molecular absorption, the latter being discussed in this

section.

4.2 RADIATIVE TRANSFER EQUATION FOR MOLECULAR ABSORPTION

It is seen from the general discussion of the radiative transfer equation that Eq. (21) in

Section 2.3 simplifies to a non-scattering representation of the transfer of radiation by the elim-

ination of the middle ternm by setting w 0 = 0. This will be true if the scattering coefficient k;(A. s)

= 0, leaving k'(A, .- k(A, s). Thus, Eq. (21) for the spectral radiance at s becomes (the direc-

tion of s' is from s to R):

LA (A, s) LA (A, R)exp - k(A, s')p (s')ds' + L A, T(s')

s 6

exp k ka(A s")P(s")ds ka(A, s',,(s')ds' (140)

where ka - ka/p is the mass absorption coefficient. To show explicitly the dependence of the

spectral absorptancq A(A), on the mass of the substance through which the radiation travels

and not merely the distance, the mass absorption coefficient is used, and the optical path or

optical depth Is given by:

q(A) S fk(A, s)p(s)ds (141)

where p(s) is the path-dependent mass density of the absorber in grams per cm , when a is

the distance in cm. The units for k are, therefore, (gin-cm -)2 . Equation (140) Is thus

written:
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L (A., s=L(X., R) T(X., R) + L*[A., T(s')]Jp(s')k(A, s')x

As

exp - p(s")k(X, s")ds' ds' (142)

It should be noted, however, that since the spectral transmittance, T, is:

T( A(A) = exp p(s")k(X, s")ds in general (see Section 1) (143)

the expression p(s')k(\, s') exp - [p(s";k(A, s")dsinEq. 142 Is nothing more thandr/ds', sothat

Eq. (142) can be written very simply

R
L (A-, 8) = L,\, (A., R)T(k, R) + fL*[X, T(s',]•s dA- g-ds' (144) "

where, If T(A, s') is the transmittance between the point of observation (s), and some point (s')

in the path, dT(s') is defined as r(A, s' + ds') - 7(X, S'). See Figure 16. The term L,(X, R) is

the spectral radiance of a source at the point R, which is transmitted through the atmosphere

between s and R, the transmittance being given by r(A, R). L,[A, T(s')] is the (Planckian)

source function for a radiator at temperature, T(s'), defined at some point, s'.

Thus, the calculation of the radiance at some point, a, caused by emission from a source 7
at some point, R, and the emission of the atmosphere between a and R (which is assumed to limit

the path) amounts simply to calculating the transn.ittance between s and every point inthe path out

to R. Since the expressions in Eq. (144) cannot usually be obtained in closed form, the calcula-

tions are generally performed numerically, by subdividing the atmosphere into increments

w:hin which the atmospheric parameters are considered to be constant. These increments are

formed by the shells which are demonstrated in Section 7.4. As explained in a report by

Hamilton, et al. (1973), the contributions forming the shells which compose the boundaries of

the layers containing the absorbing substance are summed up as followd:

i/
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s ' s' +ds' R

T(s')

i"(s' +ds')

FIGURE 16. TRANSMITTANCE PATY
CONFIGURATION
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LA es(X)L*(Ts) rc(A)rn(A)+ ec()L(Tc)ri(A) + L,(Ti)[ri() - Ti 41(A)/7i'(A)]

n

+C(A) L (Ti)[Ti(X) - Ti+(A)/ri(AL)] (145)

i=j+i

The details of this equation are explained in Section 7.4.

4.3 DESCRIPTION OF THE ABSORPTION COEFFICIENT
The factors of importance to this discussion are the terms T(A) and the parameters which

define them. As noted above in Eq. (143):

r0A) I - A(A) = exp -fk(X, x)p(x)dx

Since the factor k(A, x) is a strongly varying function of wavelength (or frequency, v)*, it is
extremely important that its effect on atmospheric transmittance be examined in detail. It
can be derived simply out of consideration of the effect only of the absorptive effect of the

atmosphere on radiation traversing it. The change in the amount of radiation traversing an
elemental distance, dx, containing p(x)dx grams of absorbers per cm2 is proportional to the
number of absorbers and to the number of photons, representable by LA. With all appropriate
constants implicit in it, the proportionality factor, a function of the frequency and of a parti-
cular place in the atmosphere, is designated as k(v, x), so that

dL,(v, x) = -k(v, x) L (/,, x)p(n')dx

which very simply solves, for a path from 0 to x., as:

L (v, 0) = L (v, xO) exp k([ xp(x)dX]

giving, as above:

T(V, X exp k(v, x)P(x)dx] (146)

The expression T(I, x0 ) is the monochromatic atmospheric transmittance for the conditions

given; i.e., the value at one and only one frequency, V.

*The reader should expect to encounter, during the course of thds report, frequent changes
in the description of the spectral character of parameter between the use of A, the wavelength,
usually in micrometers, pm; and v, the frequency usually in reciprocal centimeters, cm"1 .
It is to be noted in these cases that A = y,& X 104.
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There is usually little interest in the monochromatic trarism!ttance, particularly for com-

parison between calculated and measured results, which are obtained by instruments whose

spectral resolution is sufficiently poor to integrate over some reasonable width of the spec-

trum. The greater interest, thus, is in the average* transmittance over the spectral interval

Av given by:

X0 ) =( xp xrk(v, x)p(x)d &v (147)

One might consider this as the average transmittance over a spectral interval AV centered at

v, or the effective transmittance over a variable slit function whose effective width is that of a

rectangle with the same area, as that under the spectral slit function.

The greatest part of the problem of solving T is to find, if possible, an analytical solu-

tion for the integration over P, which involves a knowledge of the actual character of k(v)

(dropping the path dependence for convenience). Using the results of classical kinetic theory,

the nature of k(v) is shown, according to Lorentz, to be:

k(v) =s "
2 -=S ' (148)

S(v 

- V0)2 + G L

where S is the line strength in units (gim' -cm) (since k = (gm-cm')"

aLis the Lorentz line half-width in cm -1 (see Figure 17)

is the frequency, in cm-, at the center of the line

When the line representing a transition has this shape it is said to be collision, or pressure,

broadened as a result of impacts of the molecule with neighboring molecules. Thus, the line

half-width depends upon pressure and temperature, and is often approximated as follows:

aL (LO ( (T) (149)

where aL0 is the half-width (in cm-1) at standard conditions, P0, T
P is the pressure of the gas

T Is the temperature

n is an empirically determined exponent, with a theoretical value of 1/2

*Actually what is desired is a weighted average to take into effect the (variable) spectral
"sit function" of the instrument which should be corvolved with the monochromatic transmit-
tance. This will hv, ignored in the discussion.
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S

k(v) is
2 70L

0O 

v-

FIGURE 17. FEATURES OF' A LORENTZ LINE
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The lin, strength has a temperiture dependence which gives it the form:

S r S0 (T 0/T) exp (k T0 T) (150)

where E" is the vibration-rotation energy of the initial state giving rise to a particular absorp-

tion line; k is the Boltzmann constant, m is an exponent which depends on the type of absorbing

gas.

The theory of molecular line absorption in the atmosroere is covered in many texts, of

which the one by Goody (1964) is probably the most recent, comprehensive, and available. For

the purpose of completeness, however, the theory will b? reviewed briefly here, partially ex-

tracted from the earlier state-of-the-art report by Anding (19(7).

A study by Winters, et al. [1191 of an isolated CO 2 spectral line showed that the intensity

in the wings of the line decreased more rapidly than predicted by the Lorentz expression. On

the basis of this study, Benedict proposed the following empirical expression for the spectral

line shape of CO2 :

of L
k(v) 2 2 Iv - v 0  d (151a)

S AaLexp('alVv~Loib)0 2

) (V Vo)2 Vv - V I d (151b)S(V - V 2+ a 1

where d is the average spacing between spectra' lines

a = 0.0675

b 0.7
-1

d = 2.5 cm

The value of A is chosen to make the two forms continuous at It, - v 0 = d 2.5 cm-I

There is a second cause of line broadening known as the Doppler effect which is rejated

to the relative motions of the molecules. The pure Doppler broadened line is given by

2
k(v) = koe (152)

119. B. H. Winters, et al., "Line ShM.' e In the Wing Beyond the Band Head of the 4.3g Band
of CO2," J. Quant. Spec. Rad. Tr.ans., Vol. 4, 1964, pp. 527-537.
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where

k0  S(In2)1/2

( 0  (0 n 2)1/2
a D

and aD, the Doppler hall-width (in cm -) at half maximum, is given by

v0/ T1/2

GD C

where M = molecular weight (gm-mole-), and k is the Boltzmann constant.

For lower altitudes where the atmospheric pressure is high, the Lorentz half-width, a V

is dominant. As the atmospheric pressure decreases, the Lorentz half-width decreases and

the influence of Doppler broadening becomes more marked. For the 15-p CO2 band, the Doppler

and Lorentz half-widths are equal at about 10 mb [120] and at lower pressures the Doppler half-

width is greater. Thus, over a wide range of atmospheric pressures, it is necessary to con-

sider the mixed Doppler-Lorentz (Voigt) linet shape to be completely accurate. The absorption

coefficient for the mixed broadening is given by Young [121]:

k 0 u = e dt (153)
u2 +(y-t)(

-co

where k0 , y are as before and

Lfn 2)1/2

In the calculation of transmittance using direct integration over the absorption lines

(Section 5) the greatest accuracy can be obtained only by using the Voigt profile to describe

the line shape. A cempromise in simplicity to the exclusive use of the Lorentz protilt for all

altitude regimes,as is usually done in calculation by band models (Section 8), results in an

error which is often unacceptable. Calculation using the Volgt profile, however, imposes

120. S. R. Drayson, Atmospheric Slant-Path Transmission in the 15i CO2 Brnd, Report No.
05863-6-T, University of Michigan, Ann Arbor, 1964.

121. C. Young, "Calculation of the Absorptior efficient for Lines with Combined Doppler-
Lorentz Broadening." J. Quant. Spect. R. Trans., Vol. 5, 1965, pp. 549-552.
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hardships in terms of computer time; and methods have been described in ,he literature

(e.g., see Refs. [121j and [122 J for easing the complications in computation. Drayson, by pri-

vate communication, has indicated a computer routine explained in a paper to be published soon.

This routine is carrently part of his method of performing a direct integration of individual

absorption lines for calculating atmospheric transmittance, and uses what he considers to be

the best of the Young and Armstrong techniques.

Drayson's aim in setting up a special computer routine is to achieve both rapid computa-

tion and an accuracy in transmittance good to approximately one digit in the fourth decimal place.

In order to achieve this trade-off, he set up several regions in the u - y plane to define limiting

values of these variables for which different calculational techniques were used. They were set

up as follows (see Figure 18):

Region 1. y s 1.0, u a 5.0- 0. 8y

2 t2
Dawson's functlon,F(x) = e&Xlet dt is first evaluated:

0

(a) 0 : u 5 2 Series expansion f1231

(b) 2 <u < 4.5 Ch2byshev expansion [1241

(c) 4.5 -s u Asymptotic expansion [123

followed by Taylor series expansion [125 1.

Region II. y > 1.0 and u < 1.85 (3.6-u)

Continued fraction 112 6 1.

Region II1. All(u, y)not in I and fl

(a) y - 11.0 - 0.6875u 2-point Gauss-Hermite quadrature

(b) y < 11.0-0.6875u 4-point Gauss-Hermite quadrature

122. B. H. Armstrong, "Spectrum Line Profiles: The Voigt Function," J. Quant. Spect. Rad.
Trans., Vol. 7, 1967, pp. 61-88.

123. A. Erdelyl, et al., Higher Transcendental Functiors, Vol. 2, Mcf.raw-Hill, N. Y., 1953,

p. 147.

124. D. Hummer, Maths. Comput., Vol. 18, 1964, p. 317.

125. V. Feddeyeva amd N. Tarentev, Tables of the Probability Integral for Complex Argu-
ment, Pergamon Press, N. Y., IC61.

126. B. Fried and S. Conte, The Plasma Dispersion Function, Academic Press, N. Y.,
19C 1.
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11.0

3.6 •

III a

1.0-

0a b c

0 2.0 4.5 5.0 16.0

FIGURE 18. COMPUTATIONAL REGIONS USED FOR THE VOIGT PROFILE

(by Drayson)
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4.4 DETERMINATION OF TRANSM!TTANCE OR ABSORPTANCEt

Four different forms for k(P) have been stated, each fo:-. accurately representing the shape

of a spectral line if the appropriate conditions are satisfied. Therefore, to completel, specify

the absorption from Eq. (147), it is necessary to substitute the apprr,.:-.ate form of k(v).

Let us assume that 'bh sipectral interval over which Eq. (147) is defined contains many

spectral lines. Then we hale

AaV = 1- 'ra I - exp - k (v)p(x)dx}dv (154)

AV'

Equation (154) is the general equation for specifying the absorption of a given species over an

atmospheric slant path, with the range of pressures encompassed by the path defining the spe-

cific form for the absorption cweflicient k(v).

To better understand the parameters that must be specified befoi-e Eq. (154) can be eval-

uated, let us assume that the slant path is such that the Lorentz line shape is valid. Then Equa-

tion (154) becomes

AAV fI-exp[ (IX dv (155)
A A V == 0 - e x p "- 0 ) 2 + a 2 .

The summation is over the total number of lines in the spectral interval and S is the strengthn
of the n-tkline,an is the half-width of the n-th line, and v0 is the center frequency of the n-th

li ne.

We shall see in Section 5 that Eq. (155) can be solved by a method known as thi line-by-

line, oi lirect integration method, used by a number of investigators. There are reasons,

however, why this method is often shunned, the largest being the cost of performing a calcula-

tion of this sort. The lo,.'ical step in liou of this is to resort to calculation by the use of band

models.

The problem o; determining slant-path transmission spectra is then to evaluate Eq. (155)

for each frequency within the spectral interval of interest. To perform this evaluation, the

following four parameters must be specified:

(1) The shape of each spectral line

(2) 7The location of each spectral line

(3) The strength aWd half-wyidth of each line and their variations with temperature and

pressure

(4) The density of the absorber at each point in the path.
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4.5 DETERMINATION OF LINE PARAMETERS

4.5.1 TECIINJQUES OF BENEDICT AND COLLABORATORS

The determination of line parameters is inseparably dependent on accurate, highly-

resolved laboratory spectral data from the molecules of atmospheric constituents, and on

practicable theories predicting the physical characteristics of molecules. As already indicated,

there are a number of things which have to be known about an absorbing molecule before cal-

culations can be made, among which are the strengths of the individual lines and knowledge of

the shapes of the lines, as well as precise determinations of the spectral position of the centers

of the lines. Presumably. all of these factors could be obtained exclusively from a well-

designed experiment measuring the spectral absorptance of a collection of the molecules as a

gas. In practice, however, certain physical limitations arise to thwart attempts to do so, and

one must resort, in absorptance calculations, to the results of theoretical determinatibns of

line parameters, using the best of both techniques in a complementary fashion to derive those

values which can most realistically reproduce more general experimental results.

In outlining techniques for getting line parameters from iaboratory experimental data, we

have chosen to emphasize the method delineated by Benedict, et al. 1127, 128J because the reader,

in later checking details, will find their treatment to be probably more complete than that df

other authors. But it should be understood that the approaches of other investigators, which

do not differ greatly from those of Benedict, et at., or from each other, are equally valid.

Actually, the refinements reported in later papers are required reading for the person whose

interest goes beyond the rudiments. In fact, since the treatment here is more-or-less super-

ficial, the reader will want to consult the original papers, and perhaps delve into other texts as

well. To cite only a few, there are the texts of Penner 11291 and Goody (1964), as well as the

paper of Korb, Hunt and Plyler [1301, and the report by Burch and Gryvnak [131]. Goody treats

127. W. S. Benedit, Rt. Herman, S. Moore and S. Silverman, "The Strengths, Widths and
Shapes of Infrared Lines, I. General Considerations," Canadian J. of Physics, Vol. 34,
1956(a), pp. 830-849.

128. W. S. Benedict, R. Herman, S. Moore and S. Silverman, "The Strengths, Widths and
Shapes of Infrared Lines, H. The HCI Fundamental," Canadian J. of Physics, Vol, 34,
1956(b), pp. 850-875.

129. S. Penner, Qkantitative Molecular Spectroscopy and Gas Emissivities, Addison-Weeley,
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130. C. L. Korb, R. Hunt and E. Plyler, "Measurement of Line Strengths at Low Prersures:
Application to the 2-0 Band of CO," J. Chem. Phys., Vol. 48, No. 9, May 1968,
p. 1452.

131. D. E. Burch and D. A. Gryvnak, Strengths, Widths and Shapes of the Lines of the Sv CO
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Dopoler broadening of the Lorentz profile. Korb, Hunt and Plyler give base and wing cJrrec-

tiuns. Burch and Gryvnak and other authors have investigated the corrections descrjied by

Benedict, et al. to tl.e Lorentz line in the far wings.

Usually the investigator responsible for calculating tine parameters either gathers his

own laboratory re:rults, or works in collaboration with the experimentalist. He can then assure

himself of the accuracy of the laboratory results, or accept full resporsibi'ity for the erroneous

results to follow. This means that gas-handling techniques must be impeccable, because min-

ute quantities of foreign gases can at times introduce serious errors. In addition, the best tech-

niques must be applied to measuring the phy-ical properties of the gas samples, concentrations,

pressures, temperatures, etc.: as well as to measuring the sometimes minute s"gnals at the

output of the spectrometer. With the precisely known wavelengths of certain standard emitters

and absorbers, tihere is hardly any difficulty in establishing a standard from which all line

centers can be read, once the position of the line center on the output chart is precisely located.

If one can measure the equivalent width (see Section 4.3) of a spectral line at different op-

tical depths, he often has the essential experimental information needed for det.•rmining line

parameters. In the infrared region, however, even those spectrometers with the highest prac-

ticably achievable resolution have spectral slit widths which are noticably larger than the half-

width of a spectral line, though in the better cases they are on the order of the half-width.

One cannot expect, therefore, to reproduce the exact spectral shape of the line, but only an

approximation to it, resorting to calculation for yielding the true shape. However, Penner

(1969) and others (e.g., Benedict, et al.. 1956b) have shown that the equivalent width of a spec-

tral line is independent of the slt function of the spectrometer, although the distortion of the

line by the slitcan be considerable as demonstrated in Figures 19, 20, and 21. In each of these

figures, one sees the exact shape of a pressure-broadened line with a given shape factor, along

with the distortions caused by a triangular slit function and by a rectangular slit function.

Table 5 (reproduced from Benedict, et al., 1956b) shows that the equivalent width is unaffected

on the basis of experimental evidence, even when the slit function changes in width by nearly

an order of magnitude from 0.24 cm" to 1.78 cm 1! in the measurement of the spectrum, say,

of HCI.

Although it is not always recommended in actual practice, in most calculations the Lorentz

line sl.ape is assumed as an approximation to the true shape, with corrections being made to

account for discrepancies caused by deviations from the Lorentz shape. An expression is

Kiven in Section 4.3 for the Lorentz line shape as well as for the Doppler line shape, which

becomes effective at low pressures. Even in those cases where the influence of pressure on

the broadening overcomes the Doppler effect, the Lorentz shape. while quite accurate near the

line center, is sometimes only a rough approximation in the wings. Because of the exccedlngly
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0.50

U 0

0.40

0.30

0.20 A,,(v) for Triangular
Slit with Av* = 1 cm"

A, (v) for Rectangular
Slit with Av* I cm-1

0.10

0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

v-v 0 in cm" 1

FIGURE 19. SPECTRAL JIBSORPTANCE, A(v), AND SMOOTHED

ABSORPTANCES AS FUNCTIONS OF (v - vo), THE DISTANCE

FROM LINE CENTER. u = aL/aD(In 2)1/2; a L = Lorentz half-width;

Da = Doppler half-width = 0.10 cm ; Av* = Slit function limiting
width. (Adopted from Penner, 1959 [1291.)
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0.50

u 0.1

0.40

0.30-

0.20-
AA(v) for Triangular

Slit with tAv* = I cm

AO(v) for Rectangular

0.10- Slit with Av* 1 cm 1

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

v in cm- 1

FIGURE 20. SPECTRAL ABSORPTANCE, A(p), AND SMOOTHED
ABSURPTANCES AS FUNCTIONS OF (v - v0 ), THE DISTANCE1/2.
FROM LINE CENTER. u = a L/aD(n 2)2; aL = Lorentz half-width;

-1 .
a Doppler half-width = 0.10 cml; Av* Slit function limiting

width. (Adopted from Penner, 1959 [1291.)
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0.30
u= 1.0

A(v)

0.20-
SA'(v) for Triangular Slit with Av*=l cm-'

A j vfor T riangular Slit w ith 'N = 1 c
A 0 ("') for Rectangular Slit wit h A 1cm

0.0) 
forRectangular Slit with Av* =I cm-

0.10

0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

v - in cm"1

FIGURE 21. SPECTRAL ABSORPTANCE, A(&), AND SMOOTHED
ABSORPTANCES AS FUNCTIONS OF (v - v0), THE DISTANCE

FROM LINE CENTER. u = aL/aD (' 2)1/2; aL = Lorentz half-width;

oaD = Doppler half-width = 0.10 cml ; Ami* = Slit function limitving
width. (Adopted from Penner, 1959 [129].)
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TABLE 5. EXAMPLES TO INDICATE THE INDEPENDENCE OF EQUIVALENT
WIDTH UPON SPECTRAL SLIT WIDTH (Fron, Benedict, et al.,

1956a [ 128) .)

R(5)-- HC13 5  R(5)- KCI 3 7

Slit (cm-1 W (cm 1) W (cm 1 }

0.24 0.525 0.322

0.29 0.546 0.306

0.34 0.564 0.327

0.41 0.560 0.319

0.47 0.566 0.322

0.71 0.538 0.314

1.02 0.536 0.308

1.78 0.522* 0.297*

* These values were obtained by measuring the sum of the HCi 3 5 and HCI"
lines and decomposing this area ipthe theoretically expected ralio for
these lines, HC1 5 /HC1 37  (3.07)1/ 2 .
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smallabsorption inthe wings, however, it is usually impossible to observe an effectgreater than

the noise of the measurement system. It becomes necessary to make a correction, therefore,to

the equivalent width of the spectral line as obtr'ed by Integration. Corrections for the wings

of a rotational line in the HCI spectrum (Benecict, et al., 1956b) are shown in Table 6.

To the extent that a spectral. line ran be isolated in an absorption experiment, the area

under the line is exactly represented (provided a 1 crentz shape can be assumed) by the

Ladenburg-Reiche equation [1321 (refer to Section 5.2.2):

W 2vaLL()r/)

where

L(iP) =ke [10 (y) + Ii(4))

and*

=Sw/(2ra)

If the experiment is run at different pressures and path lengths a typical pair of spectra as

shown in Figure 22 (taken from Benedict, et al., 1956b, may be obtained. This particular ex-
35 3ample shows tracings of part of the R-branch of HCl with the two isotopes HCI and HC1

being demonstrated for two different pressures in the absorption cell, and two different path

lengths. Taking the area under each line, say at R(2), one obtains the equivaleit width, W,

which, when divided by the pressure (obtaining WO) and plotted against pressure, yields a curve

such as that shown in Figure 23 (taken from Benedict, et al., 1956b). One notes that for a large

portion of the curve the value W° is independent of pressure, as indeed it should be for a

Lorentz shape. In order to reproduce the experimental points theoretically, Benedict, et al.

had to include Doppler broadening in their calculations for low pressures and overlapping of the

isotopic lines for high pressures. By making the rppropriate adjustments for these deviations

one can obtain a series of values, W°, for a large range of path lengths. According to Section 5,

W° is proportional to .he value of V1 for small quantities of the absorber, and proportional + 1/2

for large quantities. Benedict, et al., evaluate W° of HCI for a number of cell path lengths (note

that 4 'L 1) varying from 0.028 to 140 cm.

Having so cbtained the values of W° Pad w (the absorber amo,'nt) for any given experiment,

one can plot log W° versus log w, superimpose this on a plot of the Ladenburg-Reiche curve as

*Note that we have u.cd w for the absorber amount instead of P as used by Benedict, et al.
in order to retain icasistency with its common use in the report. Thus, w here corresponds to
the path !engih.

132. 1. Ladenburg and F. Relche, "Ubt.r Selektive Absorption," Ann. Phys., VoL 42, 1913,
p. 181.
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TABLE 6. EXAMPLES OF TYPICAL WING CORRECTIONS IN EQUIVALENT
WIDTH MEASUREMENTS. Lines R(O) of HCI, path length 0.109 cm; W0 values

are in cmn 1 atm- 1. (From Benedict, et al., 1956a [1231.)

W .HCl, 3 _ 0w° HC137

Run Uncorrected Corrected Uncorrected Corrected

1 0.3922 0.4205 0.1401 0.1574

2 0.4258 0.4473 0.1523 0.1694

3 0.3714 0.4056 0.1309 0.1502

4 0.4117 0.4415 0.1530 0.1676

5 0.4291 0.4536 0.1425 0.1670

kverage 0.4060 0.4337 cm"1  0.1438 0.1623 cm- 1

Std. dev. 0.0217 0.0180 0.0082 0.0072
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100

R(•,IR(3) R(41) :

FIGURE 22. EXAMPLES OF THE TYPE OF ABSORPTION SPECTRA OF HCI FROM WHICH
EQUIVALENt WIDTH MEASUREMENTS WERE MADE ILLbSTRATING TYPICAL SIGNAL-
TO-NOISE RATIOS AND RESOLUTION EMPLOYED. The lowcer tracing taken at w = 0.028 cm
and P = 1 atm shows R-branch lines in the linear region of the curve of growth. The upper
tracing taken at w = 20 cm and P = ~0.01 atm shows the same lines in thc aGý-.re-rc'ot

region. (Redrawn from Benedict, et al., 1956b [128 .)
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shown in Figure 24, and fit the experimental points to the theoretical curve. The intersection

of the asymptote for the "linear" portion of the curve with the vertical line corresponding to

log W = 0, yields the value log S° (S° = SIP). In addition, since the asymptote for the linear

and square root portions of the curve must have slopes of I aad 1/2, respectively, the intersection0 4Lo OL =a/),sne
of these two straight lines defines the value W= = aL/P), since:

LNp) -'-(1 - 12+. .

with

W/ P sow [1 - wy/(41ya) +

and for tP large

L(fP) v (2'1PV)1/2 (1 - i/(WP) +..

with

W o2 %o N1/2r, /,o ob.

In the paper (Benedict, et P.1., 1956h) which accompanied the tutorial paper (Benedict, et al.,

1956a) being discussed In this jactton, the same Investigators applied, in addition to purely

analytical techniques, the graphica.l method outlined atove to the HCI3 5 and HCI3 7 moleculcs

and the curve of growth reproduced in Figure 25 ior a few of the lines. Using line strengths

calculated on another basis they plotted the abscissa as SOw instead, of Jzat w so that the curves

of growth of all lines would coincide in the linear region. In tHis way, they intended to investi-

gate what differences existed in line width& in the square root region. The Intersection of the

asymptotes for lines with small J's yields a value a L 0.218 cm atm-. Note, however,

that for the example shown for higher J values the asymptote drops below that for lo% J values.

On an experimental basis, therefore, this means that the half-widths are narrower for lines

with higher rotational quantum numbers. In fact, as Figure 26 shows, there Is a considerable

variation In aL with the value of the rotational quantum number.

Another method described in the tutorial paper is tht of determining the strength-width

products and shapes from measurements of the breadths of strong lines. The breadth, b, is

the actual width of the absorptJon measured at a given optical depth, q where

0 0(o\ 2
__ &_L____ 

2
4/PaL P

qV -(,P) + (o)] pf vv) +to02

Pnd

b = 2(v - P
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17.

16.0

1. 10305 10

53.0

0.50

01 1.0 i~ 100

FIGURE 24. PLOT OF ToVREtJ PRDESSURG-EIC FULNCTIMON. Shown AlNo til
Sihiting exermenall po(inears and laergetia c(suarvesrcalculasymptor oetes Redrsion

istrpi lne. Reranfrom Benedict, et al., 195 6b [ 128 J.))
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x

0.01 0.1 1.0 10

10 ol1~

1.0
1.0

-4 _ Lg/)= L•/)= qe'C[Iog/0 Ii~) L(tP)

~ 0.1 11 3 5a R(0), H 0o 0.I - a R(0), IHC1$35
i: • ?(I),HC!5

- € ]~P(I), H0~t3

• z7), R(6)

0.01 0.1 1.0 A0 100

Sw(Sv 130 cm 2 atm 1 at 3000 K)

FIGURE 25. EXAMPLES OF CURVES OF GROWTH FOR THE LINES
Im I = I AND 7. The solid curv'. and asymr•ottl for tho case Im I i I

are calculated from the Ladenbur,-PRelche cqwitfon. (Redrawn from
Benedict, et al., 1I• -';b 112a].)
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0.30

a HCI35 P-Branch

0 R-Branch

0.25- 2 A HC3 P-Brerich
. R-Branch - 10.0

0 0 Lindholm (4-0) -
0

0.20 - .0*-9.

"0.15/ 8.0

o 7.0
.106.

RDBB • -5.0

0.054.

0 I3.0

1 3 5 7 9 11 13 15

Iml

FIGURE 26. EXPERIMENTAL VALUES OF LINE WIDTHS PER
ATM (aIL0) VERSUSIml FOR THE HCI 1-0 13AND. The theoreti-
cal curve is that calculated for the resonant-dlpole-bili lard ball
(RDBB) approximation. The corresponding collision diameters
b are given. Line wlaths measured by Lindholm in thi 4-0 band
are shown for comparison. (Redrawn from Benedict, et al.,

1956b [128].)
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is related to the strarngth-width product by:

The value d a L in the correction term is an estimate. Since the breadth cannot be measured

directly from experimental data, two corrections must be made, the first for the spectrometer

slit function which, for a trianguiar slit of width a, is written:

2
Ab ,1 2q-3 a

3 b

and the second for overlapping lines. Note than the slit width correction is zero for q = 3/2

and small for b Izrge. The simplest and perhaps least accurate approach to overlapping cor-

rection is to assume an Elsasser distribution of lines from which the corrected value of the

strength-width product (incorporating also the slit functiorn "rection) becomes:

Sqb2 aI aP\2 2 -2a\
an - 4 -- 4_It + °q- b -- I - O.822(-ý

where d is the constant spacing of the Elsasser lines. When greater accuracy is required the

Elsasser approximation must be dropped and the contribution of the overlapping lines to the

absorptions at the line of interest calculated directly, if the frequency, strength and width of

the interforit~g lines are known. Since the correction for overlap is relatively small, these

values can probably be estimated from other methods of measurement.

A third method of determining line structure is derived by Benedict, et al., but will not be

described here. The reader is referred to the original text of these investigators. As stated

in the tutorial article, if the same aL is obtained from all methods, then the validity of the

Lorentz shape is demonstrated over the frequency range spanned by the calculations. The

authors consider the equivalent width measurement to be the best method for obtaining the

Lorentz acl, since it favors the regions near the line center which are probably determined byT

the impact theory.

4.5.2 LOW-RESOLUTION TECHNIQUES

The methods exemplified by the work of Benedict and his co-workers are not the only ones

that can be used to determine line parameters. Aside from techrnques used for determining

tand-model parameters, discussed in Section 5.2.8, there are others employing low resolution

measurements, i.e., resolution not sufficient to resolve individual lines. The simplest (and least

accurate) method is to extrapolate data to zero absorption. Assuming weak-line approximation

valid under these conditions, the slope of the absorption (Sw) (see Section 6) plotted against
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tl.e amount of absorber, w, gives the band strength S. A good example 3f a molecule for v'hich

this method has been applied is that of ozone. References to this technique are Walshaw [1331

and McCaa and Shaw r1341.

More sophisticated techniques may be employed if one has a good idea of the po.itions of

the lines in the absorption bands. By choosing different band strengths and half -width, one can

perfornm a direct line-by-Une calculation (see Section 5) to obtain the absorption for the same

conditions u~ed in the ex.perimental measnrement of absorption with moderate spectral resolu-

tion. Th. parameters are adjusted until one obtains satisfactory agreement between the theo-

retical and experimental values of absorption. This method was used by Drayson [1351 in the

deternlm:ation of transmittance for use in the remote measurement of atmospheric prcftles of

temperature, and water vapor and ozone concentrations.

4.5.3 LASER METHODS

As opposed to the methods in the preceding section, we are able to obtain much hl-her res-

olutions with the use of lasers than with conventional spectroscopic techniques. Lasees with

fixed frequency are useful for gases for which they have been constructed, such as CO2. By

changing the mode of the laser, the parameters of many different lines can be measured. By

varying the pressure of the gas in the absorption cell, the shape of the line can vary from

nearly purely Doppler-broadened to purely Lorentz-broadened. Elyand McCubbin [1361, for

example, have determined the temperature dependence of the self-broadened half -width of the

P-20 line in the 001-100 band of CO2 using a CO2 - N2 laser with a cavity 1.3 m Icn•.

To get greater versatility, it is necessary to use a tunable laser. In the infrared region,

the most useful types presently are diode lasers which can be tuned over a span of reveral

wavenunbers, giving one the opportunity to scan individual lines with virtually "infinite"

133. C. Walshaw, "Integrated Absorption by the 9.6 pim Band of Ozone," qtant. J. Roy.

Mpeeorol. Soc., Vol. 83, 1957 pp. 315-321.

134. D. J. McCaa and J. H. Shaw, "The Infrared Spectrum of Ozone," J. ?Mol. Spec., Vol. 25,
pp. 374-397.

135. S. R. Drayson, "Tranamittances for Use In lmewote Sou•rding of the Atmot-phere,"
Space Research XI, Akadermle-Verlag, Berlin, 1971, p. 585.

1358. R. Ely and T. McCubbin, "The Tompercitur* Dpendence of the s"f-Proierfnd na~lf
Width of the P-20 Line in the 001-100 UL&rd )f CO2," Appl. Opt., Vo%. 9, t•o. 6, Lay
1970, p. 12.tl.
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resolution. The reader is referred to Hinkley, NIl1 and Blum [137] for a further elaboration

of the subject matter. We should expect to see many further developments in this field of en-

deavor with the use of tunable lasers.

4.6 DESCRIPTION OF THE LINE PARAIMETERS OF THE MAJOR ABSORBERS

The task of calculating atmospheric transmittance (or atmospheric radiance) from the

infinitely resolved line structure of atmospheric molecules is straightforward, but is also

lengthy, time-consuming, and can be costly. Not so straightforward, however, is ihe process

of accumulating the enornous quantity of data required to make a line-by-line calculation. For

each absorbing molecule in the atmosphere, a nmnber of important parameters are needed.,

among which is the exact (to within the accuracy required or avnlable) position of each line

in the spectrum which is considered effective in contributing to the absorption of radiation. in

accumulating line data, a decision to retain or reject a line !s made based on its intensity

relative to some predetermined criterion. The strength of each line is another essential pa-

rameter in the calculation of atmospheric radiance, along with the line width and the energy of

the lower state in the transitions which proluces the line.

These parameters, In addition to the quantity of absorber present, are the least of the

totality needed for making an absorption calculation; and even then, only the standardized con-

ditions for which the parameters were formulated are used. For more generalized calculations,

allowing for changes in atmospheric conditions, other parameters such as temperature, pres-

sure, and specific characteristics of the molecule must be explicitly entered into the calcula-

tion. These parameters are no more than are usually needed forany other calculation, but when

they are coupled with the enormous quality of data involved in a line-by-line calculation of atmo-

spheric absorption, the result is a relatively large expenditure of computer time. Methods for

reducing the time involved in line-by-line calculations will be demonstrated in the ensuing section.

4.6.1 ACCUMULATION OF LINE DATA

A lot of work has been done for a number of years in studying the properties of molecules

in relation to their radiative characteristics. In his bibltographic volume, Laulainen (1972)

cites referencts dating back to 1940. For this report, it is sufficient t& refer to some of the

significant work started about 10 years ago, and which has continued by various investigators

137. E.D. Hirnkley, K. NMLk and s. Blum, "Laser Rpectroscopy of Atoms and Molftales,"
Topics In Applind Physics, VoL 2, H. Walther (L&), eprinser-Verlag, Berlin, 1874.
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up to the present time. McClatchey, et al. [;38j cite the work of Gates, et al. [139] as the

initiation of continuing effort aimed at compilini; spectroscopic data on the vibration-rotation

structure, first of H20 vapor in the 2.7 pm region, a,id later cf CO 2 in the 2.05 and 2.7 pim

bands [140]; and of H20 vapor in the 1.9 and 6.3 pm bands [141].

The only existing complete compilation of line parameters (McClatchey, et al., [1381)

appears to trace a lineage of government-supported work from which it evolved. Much of this

work was originally ý',iccted less toward completeness than toward specificity. However,

McClatchey, et al acknowledge the work of earlier in-estigators as establishing a solid base

of information, in addition to that cited above. Among those cited are the w: A of Drayson

and You-.g [1421 for the 15 pm bands of C0 2 - Clough and Kneizys [1431 for the 9.6 pim bands

of 03; Kunde [1441 for the CO fundamental bands near 5 pm; Kyle [145, 1461 for the CH4 bands

near 3 and 7.5 pm; and the unpublished rotational structure of H20 vapor from Benedict and

Kaplan tabulated in Gooey's (1964, p. 84) text.

138. . A. McClatchey, at al., AFCRL Atmospheric Absorption Line Parameters Compilation,
Report No. AFCRL-TR-73-0096, Air Force Systems Command, 1973.

139. D. M. 3ates, R.. F. Calfee and D. W. Hansen, et al., Line Parameters knd Computed
Spectra for Water Vapor Bwazs 2t 2.7., National Bureau of Standards, Monograph No.
71. 1964.

140. P.. F. Calfee and W. S. Benedict, Carbon LIrz¢lde Spectral Line Positions and Intensities
Calculated for the 2.05 atd 2.7 Micron Regiona, Technical Note 332, National Bureau
of Standards, 1966.

141. W. S. Benedict ard R. F. Calfee, Line Par.imeters for the 1.9 and 6.3 micron Water
Vapor Bands, ESSA Profecalonal Paper 2, (June 107) U. S. Government Printing
Office, June 1967.

142. 8. R. Draycon and C. Young, The Frequencies and Intensities i/ Carbov Dialide Absorp-
tion Lines Ielween 12 to 18 Microns, Ueport Ru. 08183-1-T, University of lMfichigan,
Anm Arbor, 1967.

143. S. A. Clough and F. X. Kneizys, Ozone Absorption in the 9.0 Micron Region, Report No.
AFCRL-65-862, Air Force Cambridge Research Laboratories, Bedford, Mass., 1965.

144. V. G. Kunde, Tables of Theoretical Line Positions and Intensities for the AV - 1, AV -
2, and AV = 3 Vibration-Rotation Bands of C120 16 and C13 0 16, NASA Report No. TiX-
63183, Goddard Space Flight Center, Greenbelt, Aid., 1967(a).

145. T. G. Kyle, "Aboorption by Doppler-Lorentz Atmospheric Lines," J. Quant. Spect. Red.
Trinm., Vol. 8, 1968(a), pp. 1455-1482.

146. T. G. Kyle, Line Paramet•rs of the rnfrred toet-ane Banda, .' Rport No. AFCRL-68-
0521, Air Force Cambrid.e Research Laboratorlei, Bedford, Mass., 1908(b).
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The earlier work of Drayson'and Young (1967) has been revised [147] to produce more

accurate line parameters for CO2 between 12 and 20 pim, derived mainly from the laboratory

measurements of Chaney [ 148]. The revision has resulted In: changes in positions of most of

the lines (but small ones, of less than 0.05 cm ); changes in strengths; and additional bands. The

absolute strengths of the lines included were restricted to those greater than 1 X 10-6 cm 1

(atm-cm)- at 300 K, which corresponds to about 4 X 10-26 cm 1/(mol cm 2), the units recom-

mended by McClatchey, et al. (1973). These values are approximately a factor of 2 higher than

the lower limit set in the compilation. Note also that these units differ from the ones presented

earlier In this .ection. All of them are equally valid and dependent on individual ,isage.

The interested reader is referred to t,-e bibliography by Laulainen (1972) for an insight

into the huge volume of spectral informaiton available in the litErature, some of which pre-

sumably influenced the derivation of the compilation of line parameters. Much of the latest

Drayson [147] data were unavailable for inclusion. These data would not alter the line positions

greatly, although a spot check of Drayson's data with the compilation showed differences in the

intensities of the order of a few percent. There Is a good account in the report by McClatchey

et al. of those data which directly influenced the compilation, the product of an effort at Air

Force Cambridge Research Laboratories (AFCRL) initiated around 1968.

Since the group at AFCRL exerted much controlling influence on the separate efforts by in-

vestigators to obtain experim'.ental data on line parameters, they were able to elicit many of the

results where they were most needed. Indeed some of the authors of the compilation report were

the investigators responsible for generating the data. In general, however, the sources of dats

on line parameters are relatively widespread with a heavy dependence for their accuracy, indeed

validity, on the numerous high-resolutiop, measuremnts made in the laboratory and in the field.

Further discussion is centered oai the s'zbjects of laboratory and field measurements in Section9.

Many of the datea used in the AFCRL compilation are not cited in iaulalnen's bibliography, and

conversely many of the references cited in the latter work apparentily were not used in compiling

the line parameters. The reasons for the choice of data for the compilation are not evident; on

the other hand, it would be ridiculous even to contemplate using the uncountable quantity of

eisting data, even if it were all equally good. Furthermore, much of the work cited in the
compilation is derived from reports of government-sponsored work which do not necessarily get

repoeted in the open literature. These references would not necessarily appear in the usual

bibliography, since they are often unavailable to the general public.

147. 9. R. Drayeon, A Listing of Wave Numbers and lWen"ities of Carbn Dioxide Absorption
Linen Between 12 and 20,um, Report No. 036350-4-T, University of MIchbgw2, Ass Arbor,
1973.

148. L W Chancy, High Resolutlon Spectroscopic Measurements of Carbon Dioxide and
Carbon Monoxide, Rept. No. 036350-3-T, University of Michigan, Ann Arbor, 1972.
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Because ,'he AFCRL compilation is one-of-a-kind, it Is appropriate that a list of the subject

matter nisea be singled out here for critique by anyone who questions its specificity or com-

pleteness. Many of the references cited in McClatchey, et al. (1973) are unavailable, either bD-

cause the information was pr.•vately transmitted directly from the researcher to the authors,

or because the works were as yet mnpublished when the compilation was produced. The authors

are quick to note that an opus of this magrntude is likely to contain errers, recognizing that its

usefulness will be determined by its accuracy and completeness, which !-. turn are assured by

the cooperation of the user in citing new laboratory data or theoretical work. The bibliography

at the end of this report presents works related to the various absorbing atmospheric species.

4.6.2 THE AFCRL COMPILATION

The compilation generated by AFCRL contains data on over 100.000 lines, mainly in the

infrared and micruwave regions, from H.0, CO2 , 03, N20, CO, Cfl 4 and 02 in the atmosphere,

and is described in the report (McClatchey, et al., 197'3) cited earlier. It is, presumably, the

most nearly complete compilation of data-of this type, derived from a number of sources.

Whereas many investigators ignore the presence of oxygen in the absorption spectrum.of the

atmosphere, the AFCRL compilation includes it. On the other hand, HNO3 , considered to be

important at high altitudes, Is not included in the compilation. The effect of HNO3 is,to be sure,

secondary to that of the more common absorbing gases. And of course t~he more-or-less common

atmospheric polluting gases have been excluded, probably for a number of reasons. Their im-

portance is secondary; they would not fit into the scope of the general atmospheric problem
since any interest in them would be provincial. And certainly, some have exceedingly compli-

cated structures, with far less data collected on them than on the -ore common atmospheric

constituents. The fact that HNO3 actually falls, to a large extent, into this class of absorbers, I

may be the reason for its exclusion.

According to a statement of McClatchey, et al. (1973), the compilation is available to per-

sons interested in obtaining it. It is contained on magnetic tape in 7-track; 8000 EB1 characters.

The format is described in the report and will not be reproduced here. I contains Itnformation

on the poslions of the more than 100,000 lines included, iAa zddition to the line strengths and

half-widths corresponding to a temperature of 296 K and a presu,'e of 7C0 mm Hg, i.e., one

standard atmosphere. For ease of use in generalized atmospheric e'ca'Aulntk(.ns, the compila-

tion also includes the energy of the ground state for each line, as well as several sets of

identification numbers. The strengths are derived on the basis of the number of molecules of the

Isotopes in their normal abundance. The isotopic abundances used are shown In Th.•e 7. The

nomenclature used is given in tMe following example: H10 1 6 H1 -161. For usnge of~ he numbers,

see McClatchey, et al. (1973).
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TABLE 7. JhroTPIC ABUNDANCES. (From McClatchey, et al., 1973 [1381.)

Molecue Isotope AbundanceJto.eci~e !aope ,Ub ce

H2 0 161 0.99729 CI' 4  211 0.98815
162 0.000300 311 0.01110
181 0.00204 CH3D 212 0.00060
171 0.000370

CO2  626 0.98414 02 66 0.99519
636 0.01105 68 0.00407
628 0.00402 67 0.00074
627 0.000730
638 0.0000452
637 0.00CU0320
828 0.00000412

03 666 0.99279
668 0.00406
686 0.00203

N20 446 0.99022
458 0.00368
546 0.00368
448 0.00202
447 0.00037

CO 26 0.98652
36 0.01107
28 0.00202
27 0.000369 __
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Determinations oi the values compiled in the report by McClatchey, et .1. are evidently an

intricate combinatio:4 of theoretical and experimental results, each being used as a check on the

other. Included in the report is a set of nomenclature which form the basiv for tl'e calculation

of the more than 100,000 lines, a printout of which stacks approximately onc ioot high.. It is

ctldously beyond the scope of this report to reproduce these lines. One could perform many of

the calculations from the set of data tabulated in the report, but this would be a rather costly

and useless task, considerint. that the line parameters apparently are available to anyone who

has a clean tape to send to AfCRL.

Basically, for linear molecules (CO 2 and N2 0), the compilation originatee in the following

equation for the unperturbed vibrationa: energy levels:

G np W.V +'v I~ jviv + 92212 + E: E Eyijkvivjvk (156)
I i J I j 2k--j

where the v. are the vib:atienal quantum numbers and I is a quantum number (angular momentuma!

associated with the degeneracy introduced by the quantized argular momenta. The wi' x'il Yijk

and g22 are coefficients. Ii this form, the vibrational energy level is referred to the lowest

vibrational energy level. Peiturbations of these energy levels to account for different effects

results in a resolution of energy level degeneracies and a splitting of energy levels. Coupled

with multiplicity of llnes due to the different isotopes of any given molecule, this splitting and the,

resultant multiplicity of rotational \ines, results in a large number of 4nes associated with any

given vibrational band. The description in McClatchey, et al. (1973) of the energy levels for

varioma molecules reflects this complexity; so that it is important to refer to the report for an

understanding of the labels attached to tie lines in the compilation.

4.4.2.1 C•abon Dioxide (CO2)

For tha j•car molecules CO2 and N2 0 with only one degenerate vibration, the GyP is:

G V= D iov, + TLxjvivj+92 + 7LEZ YijkvivjV k (157)
Ei i J>i 5 J~ijk

and the rotational energy corresponding to each quaritum number, J, i;

SEvj = Gv + Bv[J(J + 1" - 2  Dv[j(j + 1) - I2 2 +Hv [J(J + 1) .... (158)

where the Gv (vibrational energy level modified by reasonance perturb ition), BvS Dv and Hv are
tabulated in the report. The H are quite sm.,, and thus omitted for miost levels. The so-called

-- type doubling (see, e~g.. Ref. [149J)causr " spltting of rotational lefels into two levels close

149. G. Herzberg, Lnrard ana Haman Specr s of Polyatomic Molecules, Van )bbsroad,
N. Y., 1945."%• 116
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together in energy. The rotatior.al cc:-u<Q.,ts associatc :" t!-.cse levels are clesignated in the

tables %% U. an ac;,iiion of a c or d. iF f = I the values B for tle r and d compooents differ as

dc those for Dv and Hv. II P 2 the a Bv values are equal but tVe Dv and 11 , values differ

for c and d. If V = 3 oal.r the T1 valus• fhr c and d differ. A further explak-ation of the use of

these symbols in calculating energy levIs is given in t.e rt, rt along with the general equation

for calctilatiiig the ,,aven.,.rber of an allo:;~d transiticn:

2 3 4 5 6
SJ(mr)=G +am +b nb '-cm +d:4 11 em + f r (159)

where a=(B' +B");b (13' -b ," - I'' + 'D,-); c =-2(Dv + Dr');
V V V V

(d -( - e =3(11' + 1");i = (H D Hill)

andi m J" + 1 for the R-branch (J" - J" + 1)

-27" lor thie P-branch (V - J" - 1)

= J" fc, the Q-branch (J" - J") (A slightly rnC: 2d equation is used for the Q-branch;

See Eq. (1Go)).

The primed vale 5 refer to the upper vibrational state and the double-primed values refer to the

lower vibratior! '.;state. The selection rules governing the f "curronce of a transitior are as

follows:

When At = 0, AJ = i1, c---c, and d -d; when Al = 1, AJ = A1, c-c, a2d d-d; and when

AJ = 0, c-d.

where, for example, c--c Implies that the letter assin,rd to the rotational level does not change

in the transition, etc.

Certain vibrational energy levels and molecular constr.:lts for the various Isotopes of CO2

reported in the compilation report are tebulated In Table 8. In Table 9 are iabulated the band

centers corre:nI:onc,,ng to transitions b ':t1,ccn the vibratlcr-il energy levels, also shown in the

table, as well as the unperturbed strer .;it of each band. Tkhc:-,aiques are eqplalned in the compila-

tion report for tek interaction ellcct" i.,o consic.Xratlcn. I should be noted, incidentally, that

the values ta!)uLtie.l do not always corre-prni to those ue,', in generating the magnetic tape.

4.6.2.2 Mtrous C::!e (NO)

For N2,O, d-,la arre reno:tcd which are similar to tVic '-yen for CO2 , although tU', energy

level designatien is slM-h.y dlIfere.... i_;T':natons a*.-e ,. for the manner in which the band

dato are used to t,_n izja acce-unt the oeccn ef Jnteractiem:._. T-he vibrational energT levels and

moleculer con-'ieats are given in Table 10; teuc are L.,- :", -.1 ir.to Eq. (159) to obtain line posi-

tions for the P- and R-branche'i. For tC e Q-br- rh, u:we ('.- = C, m = I):
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TABLE 8. VThRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR CO2 .
(From McClatchey, et al., 1973 f1381.)

£anl 64lt~ply LewI taltiply ak4Ipy

do0004 21.411 0.390092 1.411 41114 C W681.1790 0.347643 1.54i
00001 0.00 0. ¶900218 1.331 32203 c 12.49.49 . U1496 1.311 fxil* 4 .3,097S3 1.66

32203 4 1.s33 41113 a 8250.644 .186233 1.351
01101 C 4V. 379 .190643 1.311 3¶1123 a 475.071 .384153 1.01- 41113 4 . J17013 1.255
01101 4 .3113S3 1.313 21113 4 .30"422 1.705 411A2 4 425.05 .110.917 0.931

4002 31471.565 -30"31 a.*"- 41112 4 .364517 0.945
50002 1283.413 .390441 1.54) 12312 CIA 5321.27" .42.172 1.52 11132 c 8801.26S .381858 1.49
02201 C 133313 .391682 1.389 asl 051 4 547. 214 .3W,013 1.44 11132 4 .382744 1.55
03301 4 3A7 21112 e 5432.740 .387310 1.35 0322)1 v416863.68 .383420 1.40

sto 38.8 3914 142 21113 4s ."4138 1.38 1.131 C 6%44.4 .381244 1.23
13311 ad 5730.618 .2flr9 1.51 S113 4 .381934 1.14

11103 c 113a.470 . 13903 1.441 21131 a 57o.5709 .387413 1.135
111024 .23,0680 1.501 21111 4 .=31,1 1.02S 20033 4386.90 .382334 1.52
03301 c4 2032.238 .3"2420 1.403 10022 5415.20 .3641311 1.17 12232 C 8419.188 .18307 1.37

*101c 3074.841 .30416 1.21 01221 c 585S.1I" .38217 1.25 123332 4 1.25
51331 4 .391344 1. 1" 02221 4 1.31 20032 9514.9010 ..4048 1.39
00011 2349.144 .387140 1.323 10031 4014.490 .3139417 1.17 13231 C 9"93.929 .38247 1.43

30003 21 n.o .391183 1.74 30014 607S.943 .359 30" .0"2 2031k 9431.230 .33125 1.111
12203 a 2585.004 .3,01643 1.45 22213 c 4103.47 .301420 1.29
12103 4 1.29 22215 4 1.47 213153 c 9007.411 .38251 1.55
30002 47.11 5.691 1.3 1.4413 c "17.o2 .3948 1.54 31132 4 .38311 1.63

04402 MIS 41.9 .334 .3 414102 c 4179.010 .34442 .33 311328 01430.43 .3am* 5.25
13201.0 r4. 723 .29533 1.44 30013 1227.934 w"1149 0.643 21232 4 .325415 1.35
522041 a 129 22212 a 4289.493 .248472 5.24 21531 c 10M9.05 .38127 1.50
20001 2M9. 184 ."36053 8.963 52212 4 1.3w 211:1l 4 .341237 1.00
01111 C )M0.014 .387592 1.3)4V 20013 6347.0"4 .386411 0.951 2.o807. 434
011.11 4 .3104190 1.349 41101 a 4240.063 .34029 0.93 0I0m1 0.00 .39023S 1.130

14411 at 43946.047 .300017 1.37,

351303 c fl~l.40 . 311028 1.43 322211 e 4474.530 .38642 1.33 01105 C 460.404 .340596 1. i V
21103 4 .321 .79 22211 a 1.21 01105 4 .3111234 1.230
130M" 34.6 .26296 5.1 300 O31143 2.84 . 367974 4.719
31102 C 3339.340 .303 1.7 11122 a 437.936 .364S04 1.47S 100l 25.ow3070 13
21102 4 .291143 5.37 11122 4 .205722 1.404 02203 C 1297.26S ."91403 1.374
05501 CA 334.479 .2"93M0 1.44 11531 8 6679.30 "t AMID 1.114 02203 4 1.354
13201 m 3443.354 ."92131 1.351 111221 4 .381127 1.151 10001 1270.047 .389707 1.140
25501 c 2300.8"a .390441 1.14 00021 441Z3578 .380990 1.331
311054a ."I170 1.01 011026 3894.48 .29112 1.48
10013 3612.040 .387494 1.57 21154 a $408.274 .284547 ý..35 01102 4 .387098 5.13
05211,. 3699.377 .306647 1.203 31114 4 ."W0AS 1.11S 03341.4d 1.64.392 . W")93 .54
02211 4 173 31313 . 604S3.9 . I893 1401 55101, 6 3057.093 .3901% 1.16
10051 3714.761 .207051 1.13 315113 4 9303,z 1.465 11101 1 .29097 1.13

200 IS11123 . ?03.412 .339759 1.19 m0011 2343.4"0 .207"0 1.333
a 7" : " 2.m2 112 a .3ss12n 1. 141

12230 3021.1014 "22359 1.44 0023 1523.619 .24529 1.71 30003 2107.30 .915 13
222(434 1.48 1223384 7144.049 .38#A17 1.5 1220 a 2131.41 .3220 1.12
14402. 3896.517IT 2"3434 5.4 123342.3 323 34c
30003 Pus.49 W?858 1.411* 70.2 370 .05 05401 e4 2595.414 .392961 5. 34
22203 c 4~0.15 .29148 1.47 31111 4 .3"3117 0.81 30am 325.64 .3924 1.44
33202 5.4 52321 a 7238.149 .381483 5.32 130 2 700.29 .392 1.30
"M00 44113.11" .334906 0.933 13221 4 1.311 12201 4 1.341
34401 414237 .908 53 30021 72,71.40 .2.04403 1.49 30001 2710.4 .23M70 0.41

229. 49.1 21 19 1.3 St131 . 7402.139 .3655.33 1.313 02111 a 29a4.34 .207644 1.323
2.201 4 1. 13 01121 4 .3162106,1 1.253 01111 .a84284 1.353
30001 4321.110 .3,05090 0.311
11113 t 43497.713 .20773 1r.49 41011 72012841 3119550 .3 s1l02 * 3127.30 .3915 9.70
13113 4, .3849 1.54 32214 6 7207.45 .309"4 12 22102 4 .21300 1.44
023111 94 4314.813 . 3*9937 1. 409 22214 4 1.14 1230 ad 21419.21 .3273 1.49
11111 a 4390.46n .372m 1.24 40714 7440,$30 .307322 1.83 3110 e 2219.71 .390= 1.25
13.12 4 .=230 1.1 U 22312w 7305.319 .309,622 1.32 21513 4 .29124 1."
00021 "472.337 .340583 1.29 322114 1.24 11301ad 1331.57l .91180 1.35

40013 2393.49 .3415561 1.04 .10 lolc 3413.70 .;=#t2 1.04
21104 e 4414.186 .391397 1.113 322126: 7606. 414 boom5 1.14l 310 4110
35104 4 .3,93078 3.74S 22213 411 10013 3137.740 .289050 5.5
31101 C 4545.1141 .202178 1 S3 40131 7134.498 .3166934 0.19 02211 0 2557.2A14 .260008 1.381
33503 d .39130 1.64 21123 c 77423.0r .205158 149S 02213 4 1.33
33102 c 4793.4w. . 361700 1.30 21123 4 .284086 1.13 10011 3433.917 .3116726 1.31

3)33 4.39098 1.2 32211 * 89.13 .36883 1.334
711013 4953.6" .382558 5.77 32251 4 0.93941. 203*1 4149.95 .3901 5.31
53223 c 441617.879 .3029 1.33 35522 * 7901.479 .36440 1.31- Silts c 4147.234 .30911 1.4"
13252 4 1.42 331224a .35138 5.10-- 11112 4 .34911 1.59
35105 c 493.410 .831493 0.995 4001 7930.940 .3WS15 0.40 03311 ad 4194.704 .3X9548 1.13
3554440 .3,911305 Cam0 31121 8 0094.024 .34440 1.11 11113 c 42017.095 .307434 1.27
044404e 4970.90o .29005,1 1.43 31121 4 .39512S l.a6 111114 .3879"7 1.24
200)2 4977.83 .3861329 1.25 100312 316.954 .2386M1 1.86 00021 0454.10 .3443W0 1.33
12211 c 1041. 7741 .3005 1.38 02221 0 3332.96. .3$420 1.30
12251 41.13 02252 a 1.311 t0053 4748.05 a" 0Mms 1.613

300.5 009 0 .317446 0.821 131 3293.47 .3604M 1.53 213212 0 4770.903 .39M3 1.39
01121 e 921.730 .3"5490 1.46 12212 4 1.17
03131 4 NU4014 1.44 *. 0-dftvuwt Ssanrartl. 34411 @ 4318 .903 134
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TABLE 8. VIBRA~iONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR CO2 .j
(From McClatchay, et al., 1973 [1381.) (Cvacluded)

115"'ll 0 a 0 9-157 4 0 ftwwv c a D

by' 10-7b IC716 by 10-7
-1 -1 )x -1-' -1- -I M-11 *0

203 4140. "a 0. 30641 1.A47 211'12 a M21.07 0. M914 1.13 111126 4M1.33 0.27616 1.3111 91c 82.00 Moll2 1.64 1"1 .4 3,404.91 .37017 1.a121 370 13

aw0ls 4163.Ys . iw70) 0.04 2130. 4 .37007 0.90 011111 a .37666 1.1301121 a u0.1462 U." ."6 1.12 10132 3$11.143 .361204 1.27 0001 4635.301 .T73674 1.3001131 .3 .311)20) 1.31 022.11 v 32632.1 U 266 1.19 Z13 411213100 .176411 1.617
4 A.:$ sew1 4".310e ."71131 1.31II1I SIMO.N .2001114 lo.t& 301 671.130 .3-611)4 0.91 MAI1 1064.610 .M7 ll1 1. 0021.1 .616 .631 A .1 )2 .4 .71742 1.23132136 129.0 .. 3J,71 1'.3 30203 26).13 .36740) 1.34 311124 .719 1.2231113 a 19.4 .3070Ad 1.16 3002 39416161 .M4174 0.91 00c 31 641.6:0 .36691 3.2031113 4 .2`114206 1.36, 11112 a 4"11.19 SA4$10A 1.33 IV0143._ 436

13311 e4 1146.17 .3M17 1.14 11.134 .344473 1.30 6660 0.00 A"4160 1. i1
"1'll S414(3. 369 .20-37 .10 03111 66 430).39 MIA72 1.19

311397.21934 1.00 11111 c 4244.13 .345716 1Los 0*101 o 643.2) .36611 1.12
£11114 MA44AS 1.00 011014 .30361. 1.1230014 311.600 )2094o 2.326 '0"21 ""3.W03 .103312 1.11

3313. 190.4 .0)1 I? 20013 41)A. 31 .263714 1. 1006am 1244.93 .3630 1 .32234 1.3 1221. 46" .1 .2407 1.2) 630. 1 0.6 .36911 1.143001 6119.618 .3117"4a 1.7166 a .3 11134114 1.2231 2 & 615%.31 .2101 1.26 AMP1 M4.0-40 ."664 1.11 IOWA1 1342.37 No664 0.622212 4 1.36 13311 : 1012.11 .36473s 1.26 0OM11 336S.913 .365Mg L.1130013 6.241.964 .360619 :1.12 PO :.6 30 2539431 1 AIPM1 1..042311 6 32G.649 Mlei16 1.04 30011 50024.M7. . 111124 5740 0111 01.6 .6 1.1332111 4 1.31 011310 SM 17140 .143166 1.06 01111 4 .24413 1.12M001 6241.416 .267033 0. W4 a .3613M6 1.06 1091. 3410.31 .30M4 1.2111122 0 341 311 14 1136 10.6 21 .1 31211 6 M wvI.6 A37 1.1111 34 .3620? 1.6 So .3646 1:.3& 432311 1.1)00021 6700.219 .3613%32 1.33 21113. SS36.113 . 1961 1.10 10011 316.64 .31 1.02
: 134240 1.10 60021 450M.1411 143430 A..;131.14 a 6112.964 . 366916 1.62 E11 "1 5727.046 .3614 1.11 3Sa£ 6614.131 ."aid1 1.11M1144a .3661 1.63 6 367136 0.04 2r~ 121113 . #636.64 .307136 1.63 107)3 13.2 .6346 1.3 6 0.00 .274 1.35

il11)4 69110.094 .200.2372 1.13 IN 1.1. U.6 6L.271.1 1.23.111) * 3 06 1:.. 14 1=1 "9634 .- 1.20s 0.am6 1030 $21.6 .360 14I1111 a0606 .644 11 3.0014 772.4 al43 .6 0266 16.6 304 13
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61101 o 664.71s .27)649 1.32 63101 4 .342136 1.0401101 a 662. K6 .266106 1.1) 01101 6 .31)62 1.3 1000 1)230.36 .346430*.1101 4 .369126 1. 13 631 01 S131.06 .3661)* 1.10
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TABLE 9. LAND ORICIN5F AND STRENGTHS FOR CO2 . (From McClatchey, et al.,
1973 [1381.)
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TABLE 9. BAND ORIGINSAND STRENGTHS FOR CO2. (From McClatchey, et al.,

1973 [138].) (Continued)
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TAPAE 0. B3AND) CUGMIS AND STPENCT!IS FOR CO2 . (From~ McClatchey, et al,,
1973 [1331].) (Continued)
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TABLE 9. BAND ORIGINS AND STRENGTHS FOR CO
(From McClatchey, et al., 1973 (1381.) (Concludedf

&." u- &-orns 1.- 81 .l a*
C~•M Lý,r &| l qt".o 0tlt Noir

-, t°I -~~

44'.3 3 *

413.041 1lt @1101 41 .011 )

4131.940 311,, 00081 40l .41)
09.11 )1,11 0808I621 on .0I91

61va. 10 0111 01101 434 .011MM

9)980.41|0 01131 01J00 010q .00)91

G01.?10 1 111 11111 01 .foil)

"*.1".10 01111 01101 )40 .00403
019.•1 06111 03)01 4) .0)4"
:90S.776 10011 10001 &A ,1

0907. L"4 1003 10002 01 .430
0S13.110 "C131 0Q001 439 o"a.1
1•1.194 01111, 11M, 643 1:1)1

1902.4110 8J11 90001 411 10201
0911.1)$ 000i 1 00001 an 1.91

I)3.901 4a01) 4003 43 0.0MAIN
1041. $1 40011 00001 4)0 .0010
7041. ',1' #' 0101 360 .*0013
110.0 1001 ai013 00001 030 .$*Us"010.0) 11103 001 034 (1.11"-401)
%163.412 40011 00 4,4 .0010*0

11? 0I11 41113 031)01 .0,100
',as .474 l1172 0000 0.30 .10.01 0 o
1930.104 4W001 80001 43 .0610
10411.1401 1"311 Own0 0. .108111
)0.09 11111 41101 03 .08019at. .04 10131 09001 4" .0UT 11

l3011. 4 s100 091M 4N0 .01)00

01103. 70 3801) 10003 010 .0013

0130.761 10)ll 1000 40 I .2071
ft 01. *11 lUl00 61101 41a .400
lists" 1003t €a0I 0 4x .014
0143.4) 10011 13001 a.n ,40)9

')1".0 00 113 U0011 an .0034"

2"11..'01 1 01101 • ,0463
6)1. "• 313 M 0001 M" & .414

9300.990 so.w1 00M am0 66"1.
1047" 0. it"11 I *111. :411,011,"114 . 970 0011 OWN 24 .011391•1.310) 100)3 000 410M .00IU"n11. no Dm *M an1 .01141

Notes to Table 9.

Bands deriving all their strength from J-dependent
perturbation are designated o p,:-t, when one near
band provides the strength;r, when the listed strength Is
multiplied by m(m + 1); an• A, when the listed strength
is multiplied by m 2 (m + 1).

Q designates bands with strength below the criterdor
limit, whose Q-branches are significant.

Sis an Interaction parameter. See McClatchey,

et al. (10'3).
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TABLE 10. VIBRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR
N20. (From McClatchey, et al., 1973 [138J.)

*En, rgy G B D H
Level Multiply Multiply

by 10-7 -12
bylObyl10

-1 (C-1 -1 -1(cm"cm cm ) (cm") (cm,

Isotope 448

00°0 0 0.4190113 1.795 1.17

011Co 588.767 0.4191777 1.785 1.17

O1fdo 588.767 0.4199695 1.785 1.17

0200 1168.134 0.4199193 2.445 1.1"

02200 1177.750 0.4201253 1.165 1.17

022d0 1177.750 0.4201253 1.795 1.17

1000 1284.907 0.4172563 1.775 1.17

031'0 1749.058 0.4196063 2.195 1.17

031(10 1749.058 0.4210883 2.195 1.17

033d0 1766.958 0.420674 1.805 2.20

033c0 1766.958 0.420674 1.805 0.14

lllCo 1880.268 0.4174673 1.765 1.17
11ldo 1880.268 0.4183803 1.775 1.17

0400 2322.570 0.4208113 4.095 16.17

642c0 (2331.15) 0.4210113 1.350 1.17

042d0 (2331.15) 0.4210113 2.50 1.17

1200 2461.998 0.4181483 2.465 3.77

12 2c 0  2474.785 0.4187143 1.210 1.17

12 2d 0  2474.785 0.4107143 1.700 1.17

2000 2563,341 0.4224193 1.645 1.17

0001 2223.756 0.4155613 1.795 1.17

051c 0  2897.876 2.085 1.17

051do 2897.876 2.3.55 1.17

13100 3046.213 0.4177633 2.145 1.17

131do 3046.213 0.4193783 2.165 1.17

133c0 3067.749 0.419109 1.805 0.47

133d0 3067.749 0.419109 1.805 1.87
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TABLE 10. VIBRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR
N2 0. (From McClatcbey, et al., 1973 [1381.) (Continued)

,Energy G B D HLevel Multiply Multiply
by 10.7 by 10"12

(cm ) (cml) (cm"1 (cm -1)

soto e 446 (Contd)

21lc0 3165.857 0.4158333 1.595 1.17
211do 3165.857 0.4169163 1.595 1.17
ollCl 2798.290 0.4157723 1.795 1.17
olIdl 2798.290 0.4165473 1.795 1.17

1400 3620.941 0.4187873 3.885 14.17
142e0 3631.601 0.4190143 0.375 1.17
142d0 3631.601 0.4190143 2.045 1.17
2200 3748.252 0.4163273 2.395 2.77
222eO 3766.060 0.4172013 1.200 1.17
2 2 2d 0  3766.060 0.4172013 1.560 1.17

3000 3836.373 0.4141473 1.385 1.17
0201 3363.974 0.4165443 2.445 1.17
0 2 2cl 3373.137 0.4167523 1.195 1.17

0 22 d, 3373.137 0.0167523 1.795 1.17
10 1 3480.821 0.137843 1.745 1.17

231'0 4335.798 0.4159193 2.045 1.17
2 31 d0  4335.798 0.4176813 2.115 1.17
31C0 4443.379 0.4143703 1.625 1.17
311o 4446.379 0.4156713 1.365 1.17

031cl 3931.258 0.4162253 1.915 1.17
0 3 1dl 3931.258 0.4176843 1.925 1.17
03311 3948.344 0.417327 1.815 0.14
0 33d, 3948.344 0.417327 1.815 2.20
lllCl 4061.979 0.4140513 1.775 1.17
111d, 4061.979 0.4149343 1.735 1.17

4000 5105.65 0.4131903 1.795 1.17
32°0 5026.34 0.4143113 1.795 1.17
2001 4730.828 0.4121163 1.625 1.171201 4630.164 0.4147633 2.475 4.17

122c1 4642.463 0.4151583 1.315 1.171221 4642.463 0.4151583 1.315 1.17

002 4417.379 0.4120963 1.765 1.17
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TABLE 10. VIBRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR
N2 0. (From McClatchey, et al., 1973 [1381.) (Continued)

*Energy G B D H
Level Multiplp Multiply

-1 by 10 "- by 10 -1

(cm"1) (cm"1) (cm l) (cm 1 )

Isotope 446 (Contd)

21 1l 5319.175 0.41243i3 1.675 1.17

211d1 5319.175 0.4134703 1.555 1.17

011c2 4977.695 0.4123583 1.785 1.17
011d2 4977.695 0.4131183 1.785 1.17

__________Isotope, 36

0000 0 0.4189821 1.75

01 O 575.5 0.419095 1.75
011do 575.5 0.419891 1.75

1000 1280.5 0.41719 1.72

111co 1861.9 0.41734 1.71

• ldo 1861.9 0.41820 1.70

2000 2554.3 0.41545 1.67
0001 2177.659 0.41568 1.75

Ol 2739.63 0.415855 1.75

S1 2739.63 0.416605 '.75

1001 3430.95 0.41387 1.72

_________ Isotope 546

0000 0 0.4048564 1.64

011O0 585.320 0.4050304 1.65

011do 585.320 0.4057724 1.65

1000 1269.894 0.403269 1.60

111c0 1863.080 0.4034614 1.59
Sldo 1863.080 0.4043814 1.57

2000 2534.21 0.401870 1.45
0001 2201.604 0.401495 1.65

! Cl 2745.709 0. 4017054 1.65

1 Id, 2745.709 0.4024104 1.65

1001 3443.659 0.399873 1.60
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TABLE 10. VIBRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR
N2 0. (From McClatchey, et al., 1973 [1381.) (Concluded)

* Energy G B D i

Level Multiply Multiply

by l0" by 10

(c"1) (cm") (cm ) (cm")

Isotope 448

0000 0 0.395577 1.65

O11O 584.1 0.39b749 1.65

olldo 584.1 0.396461 1.65

S0A0 1247.9 0.394057 1.35

11110 1839.8 0.39430 1.56

llldo 1839.8 0.39513 1.50

2000 2491.3 0.39279 1.31

0001 2218.97 0.392317 1.65

ol c1 2788.80 0.392549

Ol1dl 2788.80 0.393209

1001 3439.1 0.39078 1.55

Isotope 447

, 0000 0 0.406691 1.72

011O0 586.3 0.406860 1.72

OlIdo 586.3 0.407610 1.72

100 1265.5 0.405961 1.67

0001 2221.3 0.40334

01 1 2793.55 0.40357

ol 1 2793.55 0.40430

*Superscripts designate splitting. See Section 4.6.2.
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9(J")= Gv + (B'- B")m + [(B' - B")-(D' - D" )]m 2 
- [2(D'- D")-(H' - H")]m 3

-[(D' - D") - 3(H'-H")m +3(H'-H")m5 (Ho - H")m6 (160)

For a fuller explanation of the Inclusiveness of the data, the reader shculd refer to the compila-

tion report. Table 11 reproduces the data in the band systems for N20, giving the main band

center and the levels from which transitions in these bands arise, along with the strength of the
-23 -1system. The strengths of the individual lines Incliuded are greater than 4 X 10 molec'ules

CM2 cm"I, with the Q-branch of the band centered at 1974.571 included even though the individual

strengths fall below the restrictive limit, because they are close enough together to be included

aggregately by most slit functions. The Individual bands in the system are broken down in

Table 12.

4.6.2.3 Carbon Monoxide (CO)

Turning to the simple molecule, CO, there is little fanfare in the compilation report regard-

ing its structure. Apparently, much of the ground work for determining the parameters used in

calculating its line positions came from a report byYoung [150], out of which are reproduced

Tables 13 and 14. The first of these tables gives the spectroscopic constants for CO, and the

second gives the integrated strengths for the fundamental and first two overtones of the molecule.

4.6.2.4 Oxygen (02)

In the compilation by McClatchey, et al. the 02 molecule is considered lave because, as a

special case, it produces spectroscopic data produced by mechanisms somewhat different from

those of the "conventional" IR-radiating and absorbing molecules. The energy level structure of

the 02 molecule is complex, but 02 is considered here because the physical structure of a di-

atomic molecule puts It in the realm of the simple molecule. Actually, the characteristics of 02
22are presumed to be of lesser importance in this report because, as an absorber, 02 tends to be

effectively mainly in the near-IR (and visible) and in the microwave region, where the self-

emission of the atmosphere is well below that at the mid-IR regions. Another, and perhaps more

pertinent, reason for this presumption is that most of the models described in this report ignore

02 as an absorber A good reason for including 02, of course, is that It is the second most prev-

alent gas in the atmosphere, constituthig approximately 20% of it. N2 , the most prevalent gas

150. L. A. Young, "CO Infrared Spectra," J. Quant. Spect. Rad. Trans., Vol. 8, 1968, pp. 693-
716.
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TABLE 11. SUMMARY OF N2 0 BAND SYSTEMS. (From McClatchey, et al., 19703 (1381.)

Center of Upper Lower Strength of System

Main Band Level Level Multiply by 10-20
-1 2 -1

(cm ) Molecules" cm cm

588.767 0110 0000 118+ 9

696.140 1000 0110 0.354 4 0.020
938.849 0001 1000 0.254 7 0.010

1168.134 0200 0000 38.5+-1.5
1284.907 1000 0000 996 +-40

1634.989 0001 0110 0.278 + 0.02
1749.058 0310 0000 0.241 T 0.02
1880.268 1110 CO°O 1.66 +-0.08
1974.571 2000 0110 S -=T.024 + 0.002*
2223.756 0001 0000 5"lI0 + 250

2322.624 0400 000e, 2.7 + 0.3
2461.998 1 2 C,0  0000 33.4-+ 1.5
2563.341 2000 0000 1 35 -F7
2798.290 0111 0000 9.62-+ 0.96
3363.974 0201 0000 10.6 T 0.5
3480.821 1001 0000 197 +-10
3620.941 1400 0000 0.56+ 0.02, - 0.05
3748.252 2200 0000 4.12 + 0.2
3836.373 3000 GjO° 8.1510.4
4061.979 1111 0000 0.111 + 0.006
4335.798 2310 0000 0.1 + 6.1. - 0.07
4417.379 0002 0000 6.9+ 0.7
4630.164 1201 0000 0.69"+ 0.07
4730.828 2001 0000 4.4 +'1). 4
4977.695 0l1 2 0000 0.011D + 0.008
5026.34 3200 0000 0.29 4-0.04
!i05.65 4000 0000 0.29 70.03

*Only the Q-branch at 1974.571 is listed because the lines in the P- and R-branches
are very weak.
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TABLE 12. N2 0 BAND STRENGTHS. (From McClatchey, et al., 1973 [1381.)

Band Certer Upper Lower Isotope Sv at 296K

PC .evel Level (Multiply by 10-20

S(cm I) Molecules- - cm 2cm- I

588.767 0110 0000 446 98.4
579.367 0200 0110 446 4.90
588.983 0220 0110 446 11.26
580.924 0310 0200 446 0.599
571.308 0310 02n0 446 0.256
589.203 0310 0220 446 0.958
595.361 1110 1000 446 0.216
585.320 0110 0000 546 0.356
575.5 0110 0000 456 0.356
586.3 0110 0000 447 0.039
584.1 0110 0000 448 0.197

696.140 1000 0110 446 0.294

938.849 0001 1000 446 0.223

1168.134 0200 3000 446 31.7
1160.291 0310 01 0 446 5.72
1154.436 0400 02 0 446 0.201
1153.40 0420 0220 446 0.228

1177.750 0220 0000 446

1284.9C7 1000 0000 446 872.
1291.501 1110 0110 446 100.6
1293.864 1200 0200 446 3.16
"!297.035 1220 0220 446 5.92
1278.434 2010 1000 446 3.73
1297,155 13 0 03 0 446 0.390
1300.791 1330 03 0 446 0.364
1285.589 210 1110 446 0.412
1280.5 10C0  00 0 456 3.15
1286.4 1110 01 0 456 0.354
1269.894 1000 0000 546 3.15
1277.760 1110 0110 b46 0.362
1247.9 1000 0°.0 448 1.75
1255.7 1110 01 0 448 0.200
1265.5 I000 0000 447 0.350

1634.989 0001 0110 446 0.231

1749.058 0310 0000 446 0.200

1880.266 1110 0000 40. 1.41
1886.018 1220 0110 446 0.156
1873.231 o201 51O 446 0.053

1974.571 2000 bD1o 446 0.024•! ~~SQ= .2

2181.66 0600 1000 446

*No value given.
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TABLE 12. N20 BAND STRENGTHS. (From McClatchey, et al., 1973 1133].) (Continued)

Band Center Upper Lower Isotope Sv at 296K

PC Level T.evel (Multiply by 10-20

(cm-) Molecules-1 cm 2 cmr1)

2223.756 0001 0000 446 5023.
2209.523 0111 0110 446 568.
2195.840 0201 0200 446 16.8
2195.387 0221 0220 446 31.8
2195.914 1001 1000 446 10.1
2182.200 0311 0310 '46 1.958
2)81.3P6 0331 3330 446 1.88
2181.711 1111 1110 446 1.10
2193,623 0002 0001 446 0.201
2177.659 00 1 0000 456 18.1
2164.13 0111 0110 456 2.04
2201.604 c001 0000 546 18.1
2187.389 0111 0110 546 2.10

2218.97 0001 0000 448 10.1
2204.70 01 11 0110 448 1,15

2221.3 0001 00•0 047 2.01
2207.25 01 11 01 0 447 0.234

2322.624 0400 0010 446 2.11
2309.109 0510 01 0 446 0.54

2461.998 1200 00 0 446 27.6
2457.446 1310 0110 446 4.68
2452.807 1400 0200 446 0.239
2453.851 1420 0220 446 0.321
2463.345 2200 1000 448 0.192

2563.341 2000 00o0 446 120.
2577.090 2110 01 0 446 12.2

2580.118 2200 0200 446 0.343
2588.310 2220 0220 446 0.648
2551.466 3000 1O0 C 446 0.696
2534.21 2000 00°0 546 0.454
2554.3 20' 0  0000 456 0.384
2491.3 2000 00 0 448 0.192

2474.785 1220 0000 446

2798.290 0111 0000 446 8.01
2775.207 0201 0110 446 0..01
'2784.370 02 1 0110 446 0.912
2763.124 0311 0200 446 0.025
2753.508 0311 02241
2770.594 03 1 0220 446 0.078

3333.974 0201 0000 446 8.82
3342.491 03 1 0110 440 1.57

*No value Oven.
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TABLE 12. N2 0 BAND STRENGTHS. (From McClatchey, et al., 1973 [138].) (Concluded)

Band Center Upper Lower Isotope S at 296K

PC Level Level b(Mulitiply byI02
(cm-I) 

Molecules-I Crn 2 cm- 1)

3480.821 1001 0000 446 173.3473.212 1111 0I10 446 19.243462.030 1201 0200 446 0.5633R64.713 12l 020 446 1.0643445.921 20°1 10°0 446 0.6523443.659 1001 (000 546 0.6273430.95 10°1 00 00 456 0.627
3439.1 10 1 00°0 448 0.348
3466.54 0620 0000 446 *3474.65 06 0 0000 446

3748.252 22 0 0000 446 3.1523747.031 23 0 0110 446 0.512
3620.941 1400 0000 446 0.492
3836.373 3000 0000 446 7.283857.612 3110 0110 446 0.698
4061.979 1111 0000 A46 0.092
4335.798 2310 0000 446 0.083
4417.379 00?2 0000 446 6.074388.928 0! A2 6.0l0110 446 0.686
4630.164 1201 0000 446 0.597
4730.828 2001 0000 446 3.904730.408 2111 0110 446 0.410
4977.695 0112 0000 446 C.058
5026.34 3200 0000 44f 0.255
5105.65 40"0 0000 446 0.255
*No value given.
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TABLE 13. ROTATIONAL CONSTANTS USED IN THE

CALCULATION OF CO LINE POSITIONS. (From
McClatchey, et al., 1973 [138]. )

Symbol Value

(Je 2169.836

(X 13.295

OeYe 0.0115

Be 1.931285

de 0.017535

Ye 1.01 x 10-5

De 8.12 x 10. 6

-1.0 x 10-9

TABLE 14. STRENGTHS OF CO BANDS. (From
McClatchey, et al., 1973 [1381.)

1-0 2-0 3-0
Strength, S(cm-1/molecule-cm2) 9.70 x 10-18 6.99 x 10.20 4.83 x 10-22
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at approximatelv 80I,, IF not considered in the compilation, although it is responsible for some

continuum absorptim. But its effect is minor, and ignored in most of the models described in this

report.

One should consult a text like Herzberg [151] for a complete discussion of the 02 molecule,

but a thumbnail sketck, of its more important features is given in the compilation report by

McClatchey, et al. Without a complete description of terms used in the equations cited for the

determinat on of line parameters, however, one must consult the original references (cited in

the Bibliography) for a more thorough understanding of the 'ane of the equations.

4.6.2.5 Water Vapor (H20)

One of the two most important molecules effective in atmospheric transmittance and radiative

transfer is H2 0 in the gaseous (vapor) form•. M:Clatchoy, et al. have drawn on a large aurnber

of sources for the accumulation of data on line parameters for H 20. Table 15, taken from the

compilation report, demonstrates this dependence on a large number of scurces, by summarizing

the origins of data on H2 0 for all the spectral regions covered in the compilation. Because of

the complicated nature of the non-linear 1-t2 0 molecule, much depcndence has been placed on ex-

perimental data. Much of the confidence one feels in the compilation can be attributed to the self-

consistency of the experimental data, along with the care taken by the AFCRL group in assem-

bling and compa. Ing them with the results of acceptable theory. R is re.,ognized, nevertheless,

that the accuracy of he compilation is strongly dependent on the pl..unbility of the theory and the

accuracy of etxperimental data, upon which the theory depends for extending the limits of the

compilation beyond many of the measurable limits. Table 16 reproduces the salient features of

its source in the compilation report on vibration-rotation band data. The coefficients included

in the original are excluded from this table since they have no meaning outside of context.

4.6.2.6 Ozone (03)

Whereas HI20 is one examnple of a triatomic, non-linear molecule effective fn the absorption

of atmospheric radiation, 03 is the second example of one of the more important absorbers

representative of this class of molecule. Table 17 reproduces the tabulations in the AFCRL

report which Is a collection of the band centers and Intensities used in the compilation for 03.

The most important region for 03 absorption comprises the 9.e gm (designated v and 3
fundamentals) and the weaker 14 3m (designated ,2) bands. The I and bands are centered

2 -13
respectively at 1103 cm and 1042 cm,

151. G. Herzberg, Spectra of Diatomic Molecules, Van Nvltrand, N. Y., 190.
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4.6.2.7 Methane (CH 4 )

The next and most complex of the molecules included in the AFCRL line parameter com-

pilation is CH . Many of the datz are strictly emp'rical, unpredicted by theory at this time.

So the information on some of the CH4 data should be considered tentative. In Table 1 is a

tabulation of the CH4 bands with the pertinent data taken from the sources listed at the bottom

of the table. As indicated above, the information in the compilation on CH 4 relied heavily on

experimental data. The quantum number dr.signatiens for the bands are as follows:

Vlv2 12 v3 f3 v4 f 4 f

as described in the compilation report by McClatchey, et al. (i9 7 3). Included in the report are

listings of spectroscopic parameters for the ground state of 12CH 4, the u band of 12CH the
1212 13V 3 13 4

V 4 band of CH4, the v band o1 CH., the V 3 band of 13 CH the vb band of CH , the v'2 + v4

band of 12CH4 z.nd the 2v4 band of Cif4 . It would serve no purpose to reproduce these Lables

here since there is nct sufficient information which could be used to perform line parameter

calculations.

In summazy, it is evident that a very large amount of work has been put into assembling a

collection of information which promises to be of unparalleled use to meany investigators. Many

of these data have existed fcr many years in one form or another. It is to be hoped that the plea

by the authors of the report by McClatchey, et al (1973) will be heard, and that users will help

determine the value of the compilation. Because of the complexity of the task, to say nothing

of the complexity of the entities on which the task is performed, there are sure to be deficiencies

in the compilation. So it is to the be.-fit of all that those who use the data help to alleviate the

deficiencies and continuously improve the data.

A good deal of caution must be exerted in the use of the line parameter compilation bz-

cause, even in Its great usefulness, it is incomplete and, in some cases, In error. For work

of movierate to good accuracy, it seems they can be used without trepidation. But for work

which requires the extremes Jn accuracy, certain banrs can be used with less confidence than

others The originators have found examples of misplaced lines which are being corrected in

later tapes, but which naturally are retained in the earlier ones. In addition, certsda "hot

bands" are missing. The difficulty in experimentally determining the characteristics of ozone

means that thorough scrutinizing of the 03 parameters in the compilation may be required.

Some investigators are now commencing programs from which more data on 03 are expected

to be derived. All in all, the compilation, now a useful tool, will become more useful as the

inaccuracies are eliminated.
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TABLE 15. SUMMARY OF PRINCIPAL DATA 'OUIZC!S FOR WAT7 A ' VAPOr•
ENERGY LEVELS. (From McClatch,:y, et.al,, 1073 [1, .

nFqaJe of Svtl ] rcn%1h o"i Type of wtotioý'al Limit of

cm Measurermnt vibr•tonal J (X 6 K P c, I ref.

0-25 L,.121,171 01010 10 6 <-27 C: 1 5"., 153
0-25 L.162,182 0.010 13 7 <-27 .(o0'c1 174, 155

30-250 L 0 13 7 -23 .5 isdC
250-550 L 0 is 11 -24 .03 157
480-690 L. 0 is 12 -25 .02 1A8
430-650 r 0.010 etc. 30 1% <-27 .05 1
700-1100 LH 0,010 19 12 -26 .1 1C0
750-1400 A 0,010 18 12 -25 .05 .61
960-110 A 0,010 18 12 -25 .02 1M2

1270-1450 LH 010,020 16 9 -27 .05 1r3
1200-1700 L,162 010 14 7 -27 .02 1 4
1330-1970 L,.161, 171 010 13 6 -26 .01 V 5
1840-2500 LH 010.020.001+ 10 10 -26 .03 1 *
1925-2182 AU 010,020,001+ 28 10 <-27 .01 1ý;7
2390-2970 A,U 100,001, etc. 32 1) <-27 .01 10
2Rq0-3030 L,162 100,020 18 10 <-27 .0Q5 Ica
2900-3500 A 020, 00,001 16 11 -26 .02 Ir
2800-3500 P 001,311, etc. 33 13 <-27 .02 170
2900-4330 L., 162 001,100, etc. 14 9 -25 .0O )5
3340-4030 L,1)., 171 001,100, etc. 13 7 -26 .01 1'72
3940-4300 F 001,011, etc. 33 19 .<-27 .02 170
4032-5090 A.U 001,011,020 1 33 17 (-27 .01 173
3950-520) A 00 1,030,011,et 18 13 -26 .01 174
4500-5915 L,.162. 011,030,110,et 14 A -25 .005 171
5090-5575 L 011,110 12 7 -21 .0`15 115
S40-70C,) A 011,021.120 + 16 9 -26 .01 174
5SS0-672) AU 011,021,120 * 24 11 <-27 .01 173
700C-', 0, L 101,200 13 8 -24 .CS 176
7400-9001 A 101,002,111 + 16 9 -26 .01 174
7J9V,-8900 A,U 101.001,111 + 16 9 -25 .01 173
I1300-100100 A 111.012,041 J16 a -25 .03 177
9150-9351) A 012.111 10 7 -27 .005 178

The data source# are of five typest 7., 1toratory absorption

measurements on water vapor or moist air at room te,"peratmr*e 1,11, sinilar

aeasuzxaents in cells heited to 75-540"Cl F, laboratory rAsurc~t-nts of

etission free oxy-hydrogen or oxy-acetylone flAnes, yieldirl -101t

molecu•tes/cl H120 at W2"00-3500KI A, # a rnt9 of solar rediation

throughi the atmorrhere, containing 1012-102s oleculaf/cM21 (), olUeor.Itcna

of the ratioed uectro,-m of eurnspot/photosphere, also containing abnut 10jl

Mal/,/•l at .3600K. Isotopic sy'3ols are ap1Ldncr'1 %dhv' enriched •,1oI

wore etudied, underin-id n dn a major conpontnt, driho'd when r.erately

Increastd a3bow" natural abundance. The ra"no of vibrational and rotation'A1

le.1ae is a rough indication of the extent of levels observable dcmi to tbh2

intensity limit of So /wl cm-2), correctel to 29CI, with tM r..olvn"

power wie4. The gro,'nd state, (v-O) is i.JvItie in all reqtonn.

In i rfirence 171, the observed contamination of the samploe by deute-

rium te give the HDO abundances varying from 10-200 tines norinvl was not

repor',ed.
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TABLE 16. WATER VAPOR STRENGTH DATA. (From McClatchey, et 9!., 1973 f1381.)

Ik I110 ~ ~ ~ S Pa (m t V 2"-"1 Not'" 3'/ol~ 0r, - vm , , a'/o•'
Wl too V* Y Ty"e / D1I ebyes CI- lo@ y ty -1 -2

Igo ~ ~ 8 VV yp e/ol = d~yom
1403.49 162 010~ 0 202 .066 5372.114 162 200 000 A 1.2 -023 .0042

3 1.92 -0*21 .105 66"79.2 161 130 010 3 4.32 -024 .00194
1556.695 161 020 010 8 8.61 -021 .171 6755.40 131 120 000 b 7.05 -024 .00112
1588.279 181 010 000 a 2.12 -020 .121 6715.10 161 120 000 • 3.33 -021 .00112
1591.32 171 010 000 3 3.93 -021 .121 6779.00 161 031 010 A 6.94 -023 .0076
1594.736 161 010 000 a 1.061-017 .121 6844.59 161 021 000 A 1.13 -022 .0044

"657.32 171 021 000 A 2.09 -023 .00442042.316 161 100 010 & 0.9 -023 .0167 6171.S12 161 02k 000 A S.64 -020 .0044
2161.188 161 00) 010 A ý.9 -022 .0394 7186.61 161 200 000 • 1.04-022 .0042

7u1.46 161 200 000 3 S.20 -020 .00422709.35 182 100 0co A 1.31 -024 .0437 7213.26 161 111 010 A J.96 -022 .0157
2723.667 162 100 000 A 6.53 -027 .0437 7222.69 181 101 00 A 1.49 -021 .O1573 2.0 -023 .0076 7235.S7 171 101 000 A 2.76 -022 .01572r701.014 162 02'0 000 it 91 -023 .01$•3

* 9.0 -024 .0051 7249.93 161 101 000 a 7.47 -019 .0157

7371.79 161 012 010 3 2.17 -024 .O010n3072.056 k61 030 010 3 7.99 -021 .0121 7417.54 131 002 000 U 2.06 -023 .00131
3139.02 Al 020 000 a 1.32 -022 .0070 7430-54 171 002 000 3 1.96 -024 .001313144.96 171 020 000 a 4.92 -023 .0070 7745.04 161 002 000 a S.29 -021 .00131
3151.631 i61 020 000 a 6.56 -010 .0070

3640.245 16 110 010 8 1.50 -022 .0149 0233.34 161 041 010 A 5.88 -024 .002043649.690 161 1(10 000 8 7.24 -02z 0149 6273.95 161 130 (0 3 2.1 -022 .00027
36S3.14 171 100 000 3 1.33 -022 • 9.41.32 131 031 000 A 7.j -024 .00102
3657.054 161 .00 03 a 3.62 -019 .0A- 60356.70 171 031 000 A 1.33 -0W4 .00102
3707.459 16" O01 000 A 1.2 -021 .0509 6373.82 1.si 031 I00 A 3.6 -02. .0C102

a 3.0 -022 .0255 6734.97 161 121 010 A 4.10 -02. .0037
3736.59 161 0i1 (10 A 3.30 -021 .0700 8761.57 161 210 000 & 3.6 -022 .00031
3741.571 1L1 001 (ýD A 1.60 -020 .0700 4779.7% 161 111 000 A 9.9 -023 .0037
37406.36 171 001 al) A 2.96-021 .0706 792.63 171 111 000 A 1.85 -02) .0037
3755.924 11 001 000 A 7.994-018 .0706 6407.00 161 111 030 A 4.96 -020 .0137

4099.954 162 110 000 A 2.0 -023 .0e 096.3 16i au, ON : 2.4 -024 .00057
8 1.5 -024 .0024 93W1..12 161 012 k" 1.2 -021 .0o05v

4145.483 162 030 000 A 2.0 -023
& .02 423MI 161 (.0J 000 A 4.9 -023 .00•,414644.720 161 030 00g o 2.0 -022 .00032

506•.539 162 011 0G, A 3.0 -023 .0069
8 6.-) -024 .0031

5160.36 161 120 010 3 1.7 -073 .0040
5221.26 1& 110 000 3 3.66 -023 .0028
5227.75 171 110 000 8 6.77 -024 .0026
5234."61 161 110 000 8 1.83 -:20 .W020
$276. 776 161 021 010 A 7.45 -022 .0M

5310.43 161 011 000 A 1.61 -021, .020)
5320.25 371 011 000 A 3.36 -022 .0203
1-:1.245 161 011 'o00 a 9.06 -019 .020A
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TABLE 17. OZONE TRANSITIONS INCLUDED IN DATA COMPILATION.
(From McClatchey, et al., 1973 [1381.)

Band Center i Si Vibrational Transition Isotope

cm-I CM 1  Upper State Lower State

mol/cm2

0. 4.13 x 10"19 000, 000 666
700.930 6.70 x 10-19 010 000 666

1007.692 9.49 x 10-21 101 100 666
1007.996 2.49 x 10o 2 0  001 000 686
1021.096 4.23 x 10 011 010 666
1027.096 1.62 x 10"19 002 001 666
1028.096 5.16 x 10 001 000 668
1042.096 1.29 x I0-17 001 000 666
1103.157 3.47 x i0 1 9  100 000 666
2110.790 1.33 x 10"18 101 000 666
2785.241 2.32 x 111 000 666
3041.200 1.10 x 10-19 003 000 666
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TABLE 18. METHANE BANDS INCLUDED IN DATA COMPILATION. (From McClatchey,
et al., 1973 [1381.)

Isotope Band Center Upper Lower Strength
(cm"1 ) State State (cm' 1/molecm 2 ).

311 V4 1297.8811791 I 00000111 00000000 6.59xi0-20*

211 V/4 1305.P338L18 0I 00000111 00000000 5.87x10-18 1

211 9*2  1533.289[181j 01100001 00000000 8.91x1O-20[ 186J

311 V3 3009.5311821 00011001 00000000 1.36t10"19"

211 V3 3018.920511831 00011001 00000000 1.21x10-17 11861

211 2V4 260011841 00000222 00000000 IXl0"190*

211 1 2"+-v4 2818,2838[1 101100112 00000000 8x10-19_*

179. T. G. Kyle, IL D. Blatherwtck and F. S. Bonomo, J. Chem. Phys., VoL 53, 1970,

p. 2800.

180. F. Michelot and K. Fox, (1973), to be published.

181. M. Dang-Nhu, Thesis, Universit• de Paris, 1968.

182. R. S. McDowell, J. Mol. Spec., Vol. 21, 1966, p. 280.

183. B. Bobin and K. Fox, J. Chem. Phys. and J. Phys. (Paris), 1973.

184. K. Fox, Bull. Am. Phys. Soc., Vol. 18, 1923, p. 232.

185. W. S. Benedict, Private communication (1973) to McClatchey, et al., 1973.

"186. R. L. Armstrong and H. L. Walsh, Spectrochim Acta, Vol. 16, 1960, p. 840.

"*1/89 times value for corresponding band of 211 isotope

**1/100 times value for v of 211 isotope

***1/15 times value for v of 211 isotope
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4.6.3 OTHER ABSORPTION GASES AND ABSORPTION MECHANISMS

There are several places in the spectrum which are designated continuum regions, but

the most important from the standpoint of thermal radiation is between 8 and 14 pm. Some of

the attenuation effect in this region is from the presence of aerosols, in the form of scattering.

But except under rather hazy conditions, the effect of scattering is secondary, the major effect

being apparently from the presence of very weak lines of water vapor, or, more significantly,

from the wings of H20 and the relatively less important CO2 lines whose centers are distant

from the region. Some effects from the agglomeration of H 2 0 into dimers has been postulated.

Because the uncertainty in the line structure used in the calculation of atmospheric trans-

mittance, either directly or in band models, is greater in the wings than it is rear the center,

it is evident that calculations will introduce relative errors in this low-absorptance region

which could well be unacceptable. Therefore, the continuum region. is usually considered

empirically using some of the original work on the subject performed by Bignell, et al. [187],

and later results from Burch, et al. 11881. Bignell [1891 found that Wi addition to foreign

broadening effects, the continuum absorption is strongly dependent on the partial pressure

of water vapor. Most models for atmospheric transmittance allow for this effect by apply-

ing parameters established from experimental data.

In addition to the major gases to which great care is given in all of the models, there

exist the so-called minor gases which are strong absorbers, but which, because of their con-

centrations or locations in the atmosphere or in the spectrum, play less of a role in the gen-

eral calculation of atmospheric transmittnnce. Most models account for these gases, and in-

deed they should be considered very carefully in the cases for which the high spectral purity,

say, ct la3er radiation is involved; or for very long paths at low pressure. Chief among these

gases a=e CO, N2 0, CH4 , which are included in the compilation; and HNO and SO,,, which

constituta part of what is commonly known as pollutants.

187. KL BigneU, F. Saledy and P. A. Sheppard, "On the Atmospheric Infrared Contin.um,"
J. Opt. Soc. Am., Vol. 53, No. 4, 1963, r. 48- 479.

188. D. E. Burch, D. A. Gryvnak and J. D. Pembrook, Investigation of the Absorption of In-
* frared Radiation by Atmospheric Gases, Report No. U-4829, Phi/co-Ford Corporation,

1970.

*. 189. D. L. Burch, Investigation of the Absorption of Infrared Radiation by At,•ospheric Gases,
Air Force Camblridge Research Labs., Philco Report No. U-4784, Philco -ford
Corporation, 1970.
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5

GENERALIZATION OF METHODS OF CALCULATING
ATMOSi•' LERIC ABSORPTION

There is no known way of exactly ;: u.ving Eq. (147) for a real atmosphere because of the

complex frequency variability of k(p). 1ven with our current understanding of the nature of

line parameters, just a casual glance at figure 27, a graphical representation of part of the

transmission spectrum, assures us that numerical techniques are required for the calculation

of "infinitely" resolved spectra.

5.1 LINE-BY-LINE METHOD OF ATMOSPHERIC TRANSMITTANCE CALCULATIONS

One method u.-ed In determining spectral transmittance of moderate resolution is to per-

form what we call a "linre-by-line" calculation. What this means is that, from the contributions

of all pertinert lines, we sum the valuts of the absorption coefficients, k(v) in Eq. (154) for

example, at as many discrete values of z, as will faithfully reproduce the spectrum. The re-

sult within the integral over V is a set of discrete transmittance values which, when plotted,

resemble Figure 27. A numerical integration over frequency within the proper interval Av

results in the final spectrum of moderate resolution. Conceptually this calculation yields, to

within any desired accuracy, the exact representation of the value which would be obtained by

an instrument whooe resolution was Ap and whose spectral response over that interval was

constant.

Unfor•unately, many things are implied by this last statement. Instruments do not usually

have constant spectral responses so this factor must be taken into account, which, again con-

ceptually, is not difficult to do, but which incorporates a factor of complexity into the calcifla-

tion. Otier implications are that the line parameters, and the atmospheric parameters gov-

erning t'he proper choice of the absorber amount, are well known. Even when they are known,

they can only be incorporated approximately. Uncertainties brought about by these factors,

however, are Inherent in any calculative method, including, and indeed especially, in the band

models to be discussed in the succeeding section.

The only way, therefore, to assure the highest accuracy in calculating atmospheric trans-

mittance is to use the 1.1ne-by-line method with a set of accurate line parameters with appro-

priate meteorological data. Unfortunately this method, is time consuming and expensive to

L run on a computer. Furthermore, there are still gaps of uncertainty in the only "complete"
compilation currently in existence, i.e., the AFCRL compilation (McClatchey, et al., 1973).
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5.2 BAND-MODEL METHODS OF ATMOSPHERIC TRANSMITTANCE CALCULATIONS

5.2.1 INTRODUCTION TO THE BAND-MODEL CONCEPT

Many applications do not require a highly accurate determination of the absorption spec-

tra, but only a first-order approximation to the true spectra, and in many cases the spectra

may have relatively low resolution. Therefore, almost all of the available methods for com-

puting atmospheric absorption use approximations which reduce Eq. (154) to a form which ex-

presses the transmission, averaged over some interval, in terms of elementary functions.

The simplified equation is then used with laboratory homogeneous-path data to derive appro-

priate parameters and predict absorption for other homogeneous paths.

The classical approach used in performing the simplification of Eq. (154) is that of using

a model of the band structure. That is, it is assumed that the line positions -nd strengths

are distributed in a way that can be represented by a simple mathematical model. The most

commonly used band models are listed here.*

(1) The Elsasser or regular model [1911 assumes spectral lines oi equal strength, equal

spacing, and identical half-widths. The transmission function io averaged over an Interval

equal to the spacing between the line centers.

(2) The statistical or random model, originally developed for water vapor assumes that

the positions and strengths of the lines are given by a probability function. The statistical

model was suggested by Telles and worked out by Mayer [192] and (independently) Goody [1931.

(3) The random -Elsasser model [194] is a generalization of the Elsasser model and the

statistical model. It assumes a random superposition of any number of Elsasser bands of

different strengths, spacings, and half-widths. Therefore, as the number of bands ranges

from one to infinity, the bk -d model extends, respectively, from the Elsasser model to the

purely statistical model. This generalization, therefore, yields an infinite set of absorption

curves between those of the Elsasser and statistical models.

*Other band models have been developed and are discussed in detail by I. M. Goody (1964).

191. W. M. Elsasser, Phys. Rev., Vol. 54, 1938, p. 126.

192. H. Mayer, Methods of Opacity Calculations, V. Effect of Lines on Opacity, Methods for
Treatiag Line Contribution, Report No. AECD-1870, Los Alamos Scientific Laboratory,
Los ALamop, Calif., 1947.

193. R. M. Goody, "A Statistical Model for Water-Vapour Absorption," Royal Meteor. Soc.,
VoL 78, 1952, pp. 165 -160.

194. 0. N. Plasm, "Modelb for Spectral Band Absorption," J. Opt. Soc. Am., Vol. 48, 1958,
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(4) The best available model is the ouasi-random model [195]. It is capable of fairly

accurate representation of the band, provided the averaging interval is made sufficiently

small. However, of all the models, it reqliires the greatest amount of computation.

5.2.2 A SINGLE LORENTZ LINE

Let us consider the absorption caused by a single spectral line of a homogeneous path of

a single absorbIng gas. Let us assume that the shape of this line is represented by the

Lorerntz equation. ýFor these conditions the absorption is given by

AAP=f 1 exp 1 ( . -,O)d (161

-P J (161)

For a homogeneous path S, a and p are constant; Equation (161) further reduces to

AAv= f -exp - 2 (162)( -V) 2 +a2

where w = pdx' = px and is defined as the absorber amount.

A plot of absorption ver sus frequency is shown in Figure 28 for different path lengths, or

for different values of w. The absorption caused by this line for au optical path of length x1

would be considered a weak line since the absorption is small even at the line center. For a

path of length x3 , the center of the line is completely absorbed and any further increase in

path length would only change the absorption in the wings of the line. Absorption by paths of

length equal to or greater than x3 would, therefore, be considered strong-line absorption.

In Eq. (162), if it is assumed that the interval Av rs such that the entire lip is included,

then the limits of integration can be taken from -co to oo w.thout introducing a significant

* error. When these limits are used, Eq. (162) can be Eolved exactly for the total absorption.

Ladenburg and Reiche (1913) have solved the integral to obtain

* AAv = 2va L4 e [I0(4) + I1(o)] (163)

where 4. = Sw/2vaL and I0 and 11 are Bessel functions of imaginary argument. Examining

Eq. (163) under conditions of weak-line and strong-line absorption, we have for weak-line

absorption 4. << 1; Eq. (163) reduc.as to

195. P. J. Wyatt, V. R. Stull and G. N. Plase, "Qu•aI-Pt,.dom Model of Band Absorption,"
J. Opt. Soc. Am., Vol. 52, No. 11, 1932(b), p. 1209.
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AAv = 2ra L = Sw (164)
L

and absorption is linear with the optical path length w. Under conditions of strong-line ab-

sorption 4' is large and Eq. (163) reduces to

AAv L (165)

which is known an the square-root approximation. The above derivations are for a single

spectral line but are also valid for absorption when many spectr.: lines are present but do

not overlap. Therefore, for the nonoverlapping anproximation the absorption is simply given

by Eq. (163), (164) or (165), depending upon the value of 4P.

5.2.3 ELSASSER MODEL

The Elsasser mode' of an absorption band Is formed by allowing a single Lorentz line to

repeat Itself periodically throughout the interval Av. This gives rise to a series of lines that

are equally spaced and that have a constant strength and half-width throughout the interval.

This arrangement of specteal lines was first proposed by Elsasser (1938) and his derivation

is presented here. The absorption coefficient for a periodic band Is given by (for n integer):

00
k() (166)

kI) (i, - nd) 2 +02

n=~ -w L

It Is possible to express Eq. (IbW) in terms of an aitalytical functlon owing to the fact that If

such a function he.s only single poles, it is uniquely defined by these poles. Therefore,

Eq. (166) is equivalent to

S sinh0"''"k(•,) = in (167)
"d cosh 9 - cos (

where • = 2i7L/d

s = 2• /d

If the averaging interval AP Is taken as one period of the band (Av = 2r), then the average ab-

sorption becomes:

A 1 {1 - exp [-wk(o, s)]}d.s (168)

This integral has been evaluated by Elhasser to give the general expression for absorption

by an Elsasser band, namely
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y
A sinh 1 I0 (Y) exp (-Y cosh /)dY (169)

where / = 2,,aL/d

Y = p!4/sinh g

= Sw/2, aL

d = mean spacing between spectral lines

I is a Bessel fanction of imaginary argumuent.

A plot of this function for various values of 0 is given in Figure 29. Because the function in

its present form is difficult to evaluate, considerable effort has been expended comparing

approximate formulae and evaluating the integral. Kaplan [196] has expanded the integral

into a series which is convergent only for values of 3 less than 1.76. An algorithm for the

Flsasser Integral which is convergent for all -ialues of 3 and i/ is written in a computer pro-

gram used in the calculation of spectral transmittance with the Aggregate Method (see Sec-

tion 7.4). However, it is frequently desirable to work with approximations to the function

which are valid for certain conditions.

5.2.3.1 Weak-Line Approximation

In Fig-lie 30, the absorption given by Eq. (169) is plotted as a function of the product

= Sw/d for four values of 3. It is noted for I that the absorption curve,% become super-

imposed for all values of ý,. Since the parameter 3 measures the ratio of line width to the

distaiice between neighboring lines, I > 1 implies that the spectral lines are strongly overlap-

ping and spectral line structure is not observable. This condition corresponds to large pres-

sures which would be real'stic for atmospheric paths at low altitudes. For 3 1 1, Eq. (169)

can be Approximated by

A 1 - e"' (170)

Further, Eq. (170) is a good approximation to Eq. (169) whenever the absorption is small at

the line centers (small I.) regardless of the value of f. Therefore, this approximation Is re-

ferred to as thp weak-line approximation, and is independent of the position of the spectral

lines within tha band. Table 19 summarizes the regions of 0 and iP for which the weak-line

approximation is valid with an error of less than 10%. ThIs approximation is par, .dlarly

useful in extrapolating the absorption to small values of i and to large values of pressure.

Note that the weak-line a~proxlmation reduces to the linear approximation when the absorp-

tion is small even if the lines overlap.

196. L. D. Kepl.an, "Regions of Validity of Various Absorption-Coefficient Approximations,"
J. Meteorol., Vol. 10, 1053(a).
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TABLE 19. REGIONS OF VALIDITY' OF VARIOUS APPROXIMATIONS
FOR BAND ABSORPTION*

Statistical
Statistical Model;
Model;All Exponential

Elsasser Lines Equally Line Intensity
Approximation 13 = 2JL /d Model intense Distribution

Strong-line 0.001 1i > 1.63 ik > 1.63 4'0 > 2.4
approximation: 0.01 4' > 1.13 4' > 1.63 4'0 > 2.4

0.1 P > 1.63 4 > 1.63 Q0 > 2.3I 1P > 1.35 1P > 1.1 'P0 > 1.4

13 > •0.24 > •0.24 iP0 > 0.27
100 > • 0.024 > • 0.024 tp0 > 0.24

Weak-line 0.001 4' < 0.20 4 < 0.20 40 < 0.10
approximation: 0.01 * < 0.20 4' < 0.20 40 < 0.10

0.1 4 < 0.20 4' < 0.20 "0 < 0.10
1 < <CO V <0.23 )0 <0.11

10 4 <co 4 <00 0 <'o
100 VP <o 0 <o OD0 < W

Nonoverlapping- 0.001 4 < 600,000 ' < 63,000 0, < 80COc
line 0.01 4 < 6000 4 < 630 *0 < 800
approximation: 0.1 4 (60 4 < 6.3 4'0 < 8

1 . < 0.7 1P < 0.22 40 < 0.23
10 4' < 0.02 4 < 0.020 0'0 < 0.020

100 4 < 0.002 4, < 0.0020 ;k < 0.0020

*When 41 = Sw/27ciL satisfies 'he given inequalities, the indicated approxima-
tion for the absorption is valid with an error of less than 10%. •or the exponen-
tial line intensity distribution, PO = S0w/211 aL, where P(S) = So" exp (-S/S0).
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5.2.3.2 Strong-Line Approximations

Of increasing interest are the long atmospheric paths at high altitudes which give rise to

large values of w and small values of pressure. Under these conditions the absorption at the

line centers is usually complete (large V,), the half-widths are narrow, and the lines do not

overlap strongly (small 0). For large 1' and small (3, Eq. (169) may be approximated by

A e= (12,1/2 (171)

where

eri (t) e-tdt

which is known as the strong-line approximation to the Elsasser band model. Figure 31 is a

plot of Eq. (169) with abcurrlton as a function of 2 4'. For p 5 0.01, Eqs. (169 and 171) are

superimposed for (324' > 0.0003. Cicaily, given small 3 and large 0', Eq. (171) is a particu-

larly gooi approximation for representing the absorption when (3 < 1. If A3 1, then Eq. (171)

is valid wienever 0.1 !_5 A < 1. This includs most values of absorption that are usually of

interest. This case differs from the square-root approximation in that it is not necessary

that the lines do not overlap. For overlapping spectral lines (larger 0), the values of V/ for

which the approximation !s valid are simply restricted to large values of V/. The specific

regions of validity are given In Table 19.

5.2.3.3 Nonoverlapping Approximation

The third approximation to the Elsasser band model is known as the nonoverlapping ap-

proximation. The regions of validity for the strong-line and wea!€-line approximations depend

only upon the value of absorption at the frequency of the line centers and do not depend upon

the degree of overlapping of the spectral lines. On th2 other hand, the only requirement for

the validity of the nonoverlapping-line approximation is that the spectral lines do not overlap

appreciably. It is valid regardless of th.e value of the absorption at the line centers. This

approximation is particula'ly useful for extrapolating the absorption to small values of w and

small va!ues of pressure which correspond to short paths at high altitudes. Under these con-

ditions Eq. (169) reduces to

A..'A e[I() + 10(4')j (172)

which is exactly the same expression as that ubt:..:)ed for the absorption by a single spectral

line. This is 2n expected result, for if the lines do not overlap there will be only one line

that contributes to the absorption at a given frequency.
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1.0
Elsasser 10

0.0001

0.001 0.01 0.1 i.0 10 100
j3/= ,w/d

FIGURE 30. ABSORPTION AS A HUNCTION OF
f= Sw/d FOR THE ELSASSER MODEL. The
weak-line approximation is the uppermost curve.

- Constant Pressure
--- Constant Amourt

of Absorbing Gas
1.0

0.13'-.
0.

l,.0 .. .- - - - - - - , . .

0.001
0.0001 0.001 0.01 0.1 1.0 10

2 2
# *2,raS w/d

FIGURE 31. ABSORPTION AS A FUNCTION OF
2, = 21roa. Sw/d 2 FOR THE ELSASSER MODEL.

Curves are shown for constant pressire (J3
constwat) and for constant amount of the
absorbing gas (Oip - constant). The strong-line

approximation is the uppermost curve.
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In Figure 32, A/p is given as a function of ý'. The uppermost curve is the nonoverlapping

approximation. For i' << 1, the curve has a slope o: 1 (i.e., a region where the weak-line

approximation is valid) and for / >> 1 the curve has a slope of one-half (i.e., a region where

the strong-line approxim~ation is valid). The region of validity for various values of p and iP

Is given in Table 19.

The general expression for absorption by an Elsasser band given by Eq. (169) and the

strong-line approximation Eq.. (171) are useful for determining absorption by CO 2 since the

bands consist of fairly regularly spaced lines. However, the bands of H2 0 and 03 have a

highly irregular fine structure and cannot be well described by Eq. (169). To develop an

analytical expression for the transmissivity function for H2 0 and 030 we must employ statis-

tical methods.

Golden [197] has described an Elsasser regular model using the Doppler shape analog

to the Lorentz line. The reader is referred to the original article for further elaboration.

5.2.4 STATISTICAL BAND MODEL

Let Av be a spectral interval in which there are n lines of mean distance d.

Av nd (173)

Let P(S be thu probability that the i-th line will have a strength S and let P be normalized;

then

JP(S)dS = 1 (174)

We assume that any line has equal probability of being anywhere in the interval Lv. The

mean absorption clearly does not depend upon zv provided we are far enough away from the

edges of the interval. We shall, therefore, determine it for P - 0, the center of the interval.

If we let the center of the i-th line be at v0 = v,, then the absorption coefficient becomes

k1 (Si, vi) = k(v = v'ti ro = 0)

The mean transmissiviL, is found by averaging over all positions and all strengths of the

lines; thus

v dv. .. f d"Jn P(Si) e "ci1 ... J"P(S) e dS

(y) Av 0 0

But since all integrals are alike,

197. S. A. Golden, "The Doppler Analog of the Eltasser Band Model," J. Quant. Spect. Raj.

Tr.'ns., Vol. 7, 1967, pp. 483-494.
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T d+j Pis) e rdS] [1 - +JdvfP(S)(1 - e"o)dS]

Since AP = nd, when n becomes larg-e the last expression approaches an exponential; therefore,

T = exp [-1jP(S)(Aii)dS] (175)

where

[AjAV] j (1 - e -kw)dv
fA V

A Iis the absorptivity of a single line taken over the interval Azv.

5.2.4.1 Equal Intensity Lines

Equation (175) can be evaluated for two special cases. First, when all the lines have

equal intensities Eq. (175) reduces to

.-AAv/d {.•, e[() + i(4,)]}I =~ =exp-pe + Io

Rewriting in terms of absorption, we have

A=1 -exp f -gI e 4' [%(4,) + 11(01)] (176)

If each of the lines absorbs weakly so that 1P is small, then Eq. (170) reduces to

A = 1 - exp (-p4,) (177)

This is the weak-line approximation to the statistical model with all lines equally intense.

If the lines absorb strcngly, then Eq. (176) reduces to

A = 1- exp (-2 4Iw;/d) (178)

In terms of 3 and iP,

A = 1- exp [ ) (179)

This is the strong-line approximation to the statistical model in which all lines are equally

intense.

The nonoverlapping approximation to Eq. (176) is obtained from the first term in the ex-

pansion of the exponential, so that

A = P, e4'e 0(1,) + 11(0)] (180)
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This is the same expression as that obtained for the nonoverlapping approximation to the

Elsasser model, Eq. (172).

5.2.4.2 Line Strenlth by PoJsson Distribution

Next, let us consider the case where the lines are of different strength and the distribu-

tion for the probability of their strength is a simple Poisson distilbution, namely,

P(S) = e (181)

By letting k = S0b(p) in Eq. (175), we obtain (where b(v) is the shape factor):

T-= exp 11 b(v)wSod. \(182)
Yd Ja 1+ b-FtJ wS-o a )

We now introduce the Lorentz line shape

b(v) = 2 +

This vanishes fast er.ough for large Av that we car. extend the integration in Eq. (182) from

-w to co, giving

= exp d 0al+(wS~aL)/] (183)

Rewriting in terms of absorption and and 4, we have

A = I exp [+ 2,/(1 +24 0 )1/2] (184)

where 40 = S wI2naL" This is the formula developed by C-oody and is therefore referred to

as the Goody Iband model.

The weak-line approximation to Eq. (1841 is obtained when << 1. Under these condi-

tions Eq. (184) becomes

A = 1 - exp ( (185)

The strong-line approximation to the statistical model with an exponential distribution of

* line strengths is obtained when >> 1. Under these conditions Eq. (184) becomes

A=1 -exp (186)
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The nonoverlapping approximation is obtained from Eq. (184) when the exponent is small

and is therefore given by the first two terms of the expansion, or

A =Vi/1 +2 2') 1/2 (187)

5.2.4.3 Strong-Line, Weak-Line, and Nonoverlapping Approximations

The three approximations to the two statistical models above will be discussed concur-

rently because they are so closely related. First, we shall consider the weak-line approxima-

tion. Recall for this case that absorption was given by A = 1 - exp (-pp), which is exactly the

expresst- obtained for the weak-line approximation to the Elsasser band model. The same

expression results when an exponential d&stribution of line strengths is assumed with * re-

placed by 0%. This confirms our earlier statement that under weak-line absorption, absorp-

tion is independent of the arrangement of the spectral lines within the band. Absorption

versus ýP is plotted for Eq. (176) in Figure 33. The solid curves give the absorption for the

statistical model for the case in which all lines are equally intense. The dashed curves give

the absorption for the statistical model with an exponential distribution of line strengths.

The uppermost solid and dashed curves represent the weak-line approximations for those in-

tensity distributions. The regions of validity are given in Table 19. For the case in which

all lines are equally intense, the weak-line approximation is always valid within 10% when

P < 0.2. It is valid for the exponential intensity distribution when ;P < 0.1. If 1% accuracy

is required, these values of V. should be divided by 10.

The strong-line approximation to the statistical model for all lines of equal strength and

for an exponential distribution of line strengths are given respectively by Eqs. (179 and 18Ia).

The absorption for these models as a function of p2 1P is shown in Figure 34. The strong-line

approximation Is the uppermost curve in the figure. The absorption can even become greater

than the limiting values given by this curve. It is evident that the distributi3n of the line

strengths in a band only slightly influences the shape of the absorption curve. As for the

strong-line approximation to the Elsasser model, the strong-line approximation to the statis-

tical model for either distribution of line strengths is always valid when Is !_5 1 and 0.1 -; A != 1.

The complete regions of validity are given in Table 19.

The last approximation to be discussed for the statistical model is the nonoverlapping

approximation. For all lines of equal strength the absorption is given by the expression used

for the nonoverlapping approximation to the Eisasser model, namely,

A =ý e PON~(,) + 10
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0.001 0.01 0.1 1 10 100

4~Sw/2rct

FIGURE 32. ABSORPTION DIVIDED BY ,6 AS A
FUNCTION OF ;t = Sw/2 na FOR TEE ELSASSER
MODEL. The nonoverlapping-line a-pproximation

is the uppermost curve.

-All Lines
Equally Intenie

--- Exponential Intensity
Distribution

1.0 .
QA

o 0.1

0.01

0.001
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•,=Sw/d

FIGURE 33. ABSORPTION AS A FUNCTION OF
P - Sw/d FOR THE STATISTICAL MODEL. The

absorption for a model in which the Epectral lines
are all of eqtul intensity is compared with that
for a model in which the spectral lirnei have an
exponential intensity-distribution function, The
weak-line approximation is the upperrost cur've.
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For an exponential distribution of line strengths the absorption is given by Eq. (187). There-

fore, the strength distribution, but not the regular or random spacing of the spectral lines,

influences the absorption curve in this approximation. In Figure 35, A/0 is plotted as a func-

tion of 4. for the statistical model. Note that if this figure is compared with the corresponding

one for the Elszsser model the nonoverlapping approximation to the Elsasser model has a

considerably larger region of validity. This is because the spectral lines begin to overlap at

considerably larger path lengths for the Elsasser model than for the statistical model (cf.

Table 19).

Three important approximations te the band models of Elsasser and Goody have been

discussed above. These three approximations provide a reliable means for the extrapolation

of laboratory absorption data to values of the pressure and path length that cannot easily be

reproduced in the laboratory. For example, the absnrption for large values of pressure can

be obtained from the strong- and weak-line approximations, depending upon whether w is

relatively large or small. For extrapolation to small values of prensure all three approxima-

tions may be used in their respective region of validity; however, the nonoverlapping-line

approximation is valid over the largest range of values of w. For extrapolation to large

values of w, either the strong- or weak-line approximation may be used, tut the former ap-

proximation is valid over a much wider range of pressure than the latter. For extrapolation

to small values of w, all three approximations may be used in their respective regions of

validity; however, the nonoverlapping-line approximation is valid over a wider range of pres-

sure. In general, atmospheric slant paths that are of interest to the systeme engineer con-

tain relatively large amounts of absorber and the range of pressures are such that the strong-

line approximation to any of the models is applicable. As will be seen in Section 6, almost

all researchers use the strong-line approximations to the various band models to develop

equations for predicting absorption over a specified frequency band.

5.2.4.4 Exponential-Tailed S 1 Random Band Model

More recently, Malkmus [198] described a model comprising a line strength distributi'n

which is defined by

where SE is fixed in the expressions

w--O [(/d)/w] = SE/dE

198. W. Malkmus, "Random Lorentz Band Model with Exponential-Tailed S- 1 Line-Intensity
Distribution Function," J. Opt. Soc. Am., Vol. 57, No. 3, 1967, pp. S23-"1ýQ.
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1.0

-• ,•, ji4 0.1 - All LIne3 Equally Intense,

Constant Pressure
0Exponential Intensity Distribution,

0.1 Constant Pressure
< • •--All Lines Equally Intense,

". / .' .Constant Amount
0.001 of Absorbing Gas
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PV = 2raLSW/d
2

FIGURE 34. ABSORPTION AS A FUNCTION OF
& = 2rLSw/d 2 FOR THE STATISTICAL MODEL.

Curves are shown for constant pressure (0 = con-
utant) and for constant amount of the absorbing
g2s (•t' confitant). The absorption is chown when
all the spectral lines have equal intensity and when
there is an exponential intensity-distribution func-
tion. The strong-line approximation is the upper-

most curve.
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FIGUPFE 35. ABSORPTION )IVIDED BY 9 AS A
FUNCTION OF 1 Sw/2vci FOR THE STATIST-
ICAL MODEL. The absorption for a model in
which the spectral lines are all of equal intensity
La compared with that for a moal &n which the
spectral liner have an exponential intersity-
distribution function. The nonoverlapping-line

approximation is the uppermost curve.
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and

lim [(W/d)wl/ 2J = 2(SE2 L)I//dE

where

W/d = -in r

The resultant transmittance is given by:

S= exp { 2a{(1 + SEW/aL) - 1] (188)

= exp +- ( 2vripE)1/2 _-I

5.2.5 RANDOM EISASSER BAND MODEL

At small values of 4' the same absorption is predicted by the statistical and Elsasser

models, and is determined by the total strength of all the absorbing lines. However, as 4' in-

crPases the results calculated from these two models begin to diverge; the Elsasser theory

always gives more absorption than does the statistical model for a given value of 4'. The

reason for this is that there is always more overlapping of spectral lines with the statistical

model than with the regular arrangement of lines in the Elsasser model; thus, for a given path

length and pressure, the total line strength is not used as effectively for absorption in the

statistical model.

An actual band has its spectral lines arranged neither completely at random nor at reg-

ular intervals. The actual pattern is formed by the superposition of many systems of lines.

Therefore, for some gases and some spectral regions the absorption can be represented

more accurately by the random Elrsasser band model than by either the statistical or Elsasser

model alone. The random Elsasser band model is a natural generalization of the original

models which assumes that the absorption can be represented by the random superposition of

Elsasser bands. The individual bands may have different line spacings, half-widths, and

strengths. As the number of superposed Elsasser bands becomes large, the predicted absorp-

tion approaches that of the usual statistical model.

The absorption for N randomly superposed Elsasser bands with equal strengths, half-

widths, and line spacings is given by

[I ef (1 2 2\1/2-2 N
A 1- - erft10
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The derivation of this equation and the more general equation for different strengi:s, half-

widths, and the line spacings Is discussed in detail by Plass (1958). The more gene'ral result

is not presented here since the result given above is the only function whicih has received

application,

5.2.6 QUASI-RANDOM MODEL

The fourth band model that has been developed, Ref. [199] and Wyatt, et al.,(1961]-the

quasi-random band model -reportedly presents a more realistic model of the absorption

bands of water vapor and carbon dioxide. It does not require that the lines be uniforray nor

randomly spaced, but can represent any type of spacing which nuty occur. It also aa,:-urately

simulates the strength distribution of the spectral lines including as many of the weakcr lines

as Rctually contribute to the absorption. Furthermore, it provides a means of accurately cal-

culating the effect of wing absorption from spectral lines whose centers are outside the given

frequency interval. The quasi-randorm model allows for more accurate prediction of absorp-

tion than do the other three models but sucrifices simplicity in the' process. When this model

is used the general transmissivity function cannot be expressed in terms of elemen•rary func-

tiome. Moreover, to determine accurate abso'ptior spectra by thiv method, a priori knowledge

of the band structure is required, as it is in t.e rigorous method.

The quasi-random model is characterized by the following features:

(1) The frequency interval AP, for which the transmission is desired is divided into a set

of subLntervvis of width 8. Within the small interval 8 the lines are assumed to be arranged

at random. The transmission over Av >> 8 is then calculated by averaging the results from

the smaller intervals.

(2) The interval Av, is divided into subintervals 8 in an arbitrary manner. The transmis-

sion is first calculated for one mesh, which defines a certain set of frequency intervals. The

calculatioL !2 repeated for another me!'h which is shifted In frequency by 6/2 relative to the

first set. In principle, t. . -'h can be shifted rA times by an amount 0/n. The final calc-ala-

tion V :.an the average if the reis ,, fnr each of these meshes.

(3) The transmission fo. ep, subinterval Z is calculated Crom expressions which are

valid for a finite and poes,;, small number of spectral lines in the interval.

(4) The opectral lines in each frequency interval are divided into line-strength sub-

groupr which are fine enough to simulate the actual strength distribution. In the calculation,

the everage strength of all the lines in each subgroup is used with the actual number of lines.

199. J. 1. F. r-ing, "Badr Abworpticn Model for Arbitrary Line Variance," J. Qwmt. Spect.

Rad. Trans., Vol 4, 104, pp. 705.711.
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(5) The contribution from the wings of the spectral lines whose c¢enters are outside a

given interval is included. The wing effect is treated in the same detailed manner used for

evaluating the contribution from the lines within an lnt'ýrval.

Let us consider one interval k of a given mesh. If there are nk lines in the interval

with their line centers at the frequencies vi(i = 1, 2, . . , n), then the transmission at the

frequency v Is affected by these nk lines so that

n =-lf5 exp [-wk(v, v d]v, (189)
r 1=168 r

where w is the amount of absorber Rnd k(v, vi.) may be expresced as k(v, v,) IS b(,, v) The

quantity b(p, vj) is the line-shape factor (Lorentz, Doppler, etc.), and S is the &.trenLth of the

i-th line. "'ie transmission is calculated at some frequency V which for convenience is

usually takt"A at the center of the interval 6 r. Since this transimission corresponds to the

average of all permutations of the positions of the spectral lines within the interval, it is

also assumed to represent the most probable transmission for the interval.

To be completely rigorous the transmission of each spectral line shouAd be calculated

from its intensity and position and then substituted into Eq. (189). This procedure would re-.

quire a computation time analogous to that required for the rigorous method and hence would

de'Dat the purpose of employing a band model. Thus, a method is used which simulates the

actual strength distribution.

The procedure adopted for line-strength simulation is to divide the lines in each frequency

interval into subgroups by intensity decades. When the line strengths are calculated, the re-

sults are grouped according to these strength decades. The average strength Si of the lincs

in each decade is then calculated.

Wyatt, Stull, andl Plass (1962a) have fouid that only the first five strengh decades for

each frequency interval ilfluence the value of transmission. Thus only the data for the five

strongest strength decades need be retained for each irequency interval. It shul!d be empha-

sized that the numerical range of the line-strength decades retained is quite different for a

frequency interva) which contains strong lines than for one which has weak lincs. The cri-

terion is applied separately to each frequency interval.

Thus, the transmission can be calculated by the following equation from the average

value of the srengfh S together with the number of lines n in each line-stren:th decade:
I

Srr() = e d (190)
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The number of lines nk in the frequencl interval is given by

nr = n(191)

1=1

Equation (190) represeinto the transmission at a frequency v for the interval 8r as affe!,-d by
nr spectral lines whose centers are within the interval 6 r. The integral in Eq. (190) repre-

sents the transmission over 'he finite interval 6 r of a single line representative of the aver-

age strength of the decade.

The transmission at a frequency v is also influenced by the wirgs of the spectral lines

whose centers lie in intervals outside the interval 6 k' denoted by 81. The w!ng transmission,

-' from each of these intervals 6i is calculated by assuming a random distribution of tiw

lines within the interval 61. Thus, by the random hypothesis, the transmission at the frequency

v, is the ppoduct of all transmissions calculated for the li,,es with centers in intervals, outside

6k, taken with the transmission for the interval 6 Therefore

00
= J ~(192)

i= 1

where the subscript I indicates that there are nI lines in the frequency interval 61' The trans-

mission for the lines whose centers are in the interval 6 are given by Eq. (190). The lines

in distant intervals from the particular frequency v have a negligible effect on the trans.nis-

sion, so that in practice the product (Eq. 192) usually needs to be evaluated over only a few

terms.

It is clear that the quasi-r'andoi., model can reproduce the actual line structure fairly

accuritely if the chosen interval 6 k is small enough. However, the smaller the interval the

greater the amount of computation required. The tradeoff between the two has not been dis-

cussed by the authors, but such an investigation would indeed te of interest since any partic-

ular application has a tolerable error which might be used to est'blish the frequency interval

and hence the degree of computation.

5.2.7 TEMP.RATURE AND FREQUENCY DEPENDENCE OF BAND-MODEL

PARAMETERS

A summary of the band modcls that yield closed-form expressions for spectral-band ab-

sorption is presented in Table 20. All of these expressions are functiois of two parameters,

Sand V/, which are functions of temperature, pressure, absorber concentration, and frequency.

Recall that
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TABLE 20. SUMMARY OF CLOSED- FORM EXPRESSIONS
FOR SPECTRAL ABSORrITON

Band Model Approximation Equation*

1. Single Lorentz Line None A = 1 2 xRLj e-'[kQ() + I1(i')]

2. Single Lorentz Line Linear A = Sw/av

3. Single Lorentz Line Square Root A = 2 VYaLW/A v

4. Elsasser Band None A = sinhj3 10 (Y) exp(-Y cosh p)dY

5. Elsasser Band Weak A = 1 - e-I

6. Elsasser Band Strong A = erf (124.') 1/2

7. Statistical Band (Poisson) None A 1 - exp [--%P/(l + 21PO)1/2

8. StatiEtical Band None A =I - exp - 1• e• oo[p() + 1(1)]1

9. Statistical Band (Poisson) Weak A = I - e"I

10. Statistical Band Strong A 2 1 - exp H ýo1
(Poisson and eqal)

11. Statistical Band Strong A = 1 - exp
(equal)

12. Exponential Tailed 51 Strong A =1 - exp P-E-- [(1 + 2v PE)1/2-I]
Statistical Band I L

13. Random Elsasser Band Strong A I - [1 - erf (130ýP/N2)I/2N
=va S Sow

With appropriate subscripts: P = k ; = where (see te20)

S - line strength
OL = Lorentz-line half-width

d - (mean) linE spacing
w a absorber amount

(For ,E, 0 E, see Section 5.2.4.4.)
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2 naL 2na0 O PT0•n

-d-= d PO\TR

and

Sw Sw PO T n

- rL-C 27raro P T0

Including the dependence of line half-width on pressure and temperature. Also, the line

strenjth is a function of temperature and frequency and is given In Section 4 as:

s = s to( F exp E. k \ -- T

where S0 Is the line strength at standard temperature _Lnd E" is the ground-level energy of a

given spectral line. Because E" varies from line to line, the variation of line strength with

temperature is different for each cpectral line. As the temperature decreases, the line

strengths near the center of the band increase and the line strengths in the wings of the

band decreases; the area under the curve decreases slightly. If two homogeneous paths having

different temperature were compared, the integrated absorption for the low,'r temperature

path would be less than the integrated rnbsorption for the higher temperature path. Drayson

(1964) has shown that for two identical slant paths having temperature profile i that differ

by a constant amount of 10 K the transmission varies as much as 10% In the win& of the band

and somewhat less nearer the center of the band. He also concluded that the effec, of temper-

ature on line half-width has a secondary effect on transmission.

Since the variation of line strength with temperature Is different for each spectral line,

it would be Impossible to include the effect of temperature on line strength and still retain

the band-model expressions in closed form. For this reason, the band-model expressions in

their present form can be used only to predict absorption for homogenec-s pat is that are at

standard temperature. Further, since Drayson (1064) h&. shown that the effect if tempera-

ture on line half-width has a secondary effect on absorption, this deper.dence Is neglected

also. Therefore, if we let T = T0 , the expressions for • and 4 become

=2aLd P 21=a P 
(193)

and

BoW Po5,=2,L P0 p no0 P (194)

2ra~ ~' LO

where a 0 io the half-width at standard trmperature, per unitwapressure.
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The expressions listed in Table 20 are of the following general form:

(1) A = A(13, V') when no approximati-n to the model is assumed
2

(2) A = A( V2/) for the trong-line approximation

(3) A = A041) for the i.eak-line approximation.

Substituting Eqs. (193) and (194) into 1, 2 and 3, we have the first expression as a function of

two frequency-dependent parameters, 2raL/d and S/21aoL, and two path parameters, w and

P. Thesecond expression gives absorption as a furction of one frequency-dependent param-

eter, 2na 0oS/d and two path parameters, w and P. The lat is a function of S/l and w, being

independent of pressure.

The next problem in completely specifying the absorption expressions is that of evaluating

the frequency -dependent parar.meters by empirically fitting the respective equations to labora-

tory homogeneous absorption spectra. The empirical procedure is the most invlved when no

approximations to the model are assumed, since in this case two parameters must be evalu-

ated, rather than only one for both the strong- and weak-line approximations. After the

frequency-dependent parameters have been specified and the values of w and P have been

determined for a given slant path, it becomes a simple matter to generate absorption spectra.

5.2.8 DETERMINATION OF BAND-MODEL PARAMETERS

Band models are used to avoid the explicit use of line parameters in the calculation of

atmospheric transmittance. But since all band models are formula t ed in terms of certain

parameters, these parameters ist be obtained by eventually using the real line character-

istics of the absorbing molecules, either by the use of the results of *')oratory experiments,

or through an examination of a set of compiled line parameters.

5.2.8.1 Empirical

In the purely empirical approach to tCe determination of band parameters, one does not

usually have access to the two important line characteristics, G and aLV to bc used in band

model calculations. Instead we must obtair implicit representations of them graphically in

terms of experimentally produced data, i.e., the &,bsorptance over a predetermined spectral

region, AX or Av; the absorber amount; anC the appropriate thermodynamic parameters. An

excellent account of an empirical method of the detc-rmination of band parameters is given in

the original state-of-the-art report by Anding (1967), derived from the work of various authors.

Since the method is as valid now as it was then, and because of its importance to this subject,

the steps shown by Anding are reproduced here.

The theory of band models is reasonably well defined and the resulting functions should

be capable of specifying spectral absorption to a good approximation if, first, the conditions
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inherent in the band-model development are satisfied, and second, rigorous empiric;' pro-

redures are applied to high-quality laboratory homogeneous-path data to specify the absorp-

tion constants.

The first conditional restrict',ns are satisfied by most atmospheric slant paths of inter-

est. Therefore, it seems hopeful that usable transmissivity functions could be developed if

the second procedural restrictions are satisfied.

Oppel (see Anding, 1967) has postulated and employed certain rules for selecting labora-

tory data and performing an empirical fit. His approach is sound and is analogous to that

suggested by Plass (200]. Hence, the methods of Oppel are those which are recommended

for the determination of the spectral absorption constants and are stated below.

It has been found by most researchers that the quality and the reduction of the laboratory

data have constituted the most critical step in determining the absorption constants. In order

to insure satisfactory results from an empirical fitting procedure the following rules should

be observed.

(1) The data , .-.d be consIstent Lrom one run to another; that is, all runs for a particu-

lar spectral Interval i-ould have the same resolution and spectral calibration. The absolute

spectral calibration is not neariy as important as the relative spectral position from run to

run, because the abL.rption constants can be determined for reiative frequency units. Also,

the spectrum can later be shifted if necessary.

(2) Only data with absorption Ibetw'en 5% and 95% should be used. Usually the data for

very high or very low absorption values are questionable because of the uncertainty of the 0%

and 100% levels, &nd relatively small differences may have an inordinately great effect on the

determination of the unknown parameters.

(3) It is desirable to have spectra obtained over a range of paths and pressures which is

wide enough that the function can be properly fitted to the data. Ideally, for each frequency,

one would like to have data which would give absorptions between 5% and 95% arnd which in-

clude the following conditions:

(a) Pressure and absorption path are sufficiently small that there is neglig-

ible overlapping of the spectral lines.

(b) Pressure is hige anti absorption path is small so that there is beavy over-

la.•ping of the spectral lines.

20. G. N. Pl•as, "ýUeful Rep-ectentatiops for M(easurements of Spectral Band Absorptlon,"
J. Opt. Soc. Am., Vol. 50, 19G0, pp. b68-875.
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(c) Pressure is low and absorption path Is large so that the spectral lines

are opaque at their centers and the transmission is achieved only in the wings of

the lines.

(4) Measurements for which pressure self-broadening is predominant, that is, where the

absorbing-gas pressure is an appreciable part of the total pressure, should be discarded.

This is necessary since self-broadened spectral lines need not be evaluated under real atmo-

spheric conditions.

(5) In general, better results are obtained if spectral frequencies are selected at which

absorption achieves a local maximum, minimum, or inflection point. Thus, the absorption

constants shculd not necessarily be selected at unifurm intervals but for spectral positions

that a.e more easily meaured. It has been frequently observed that published spectra are

hand-plotted and that their author will tend to be more exact on the maxima, minima, and in-

flection points than he will be on any other part of the curve.

Atmospheric paths that are of greatest interest to the infrared researcher are long paths

through an atmosphere of relatively low pressure. Such paths give rise to large values of w

and smafl values of equivalent pressure P. The dominant spectral lines, those which account

for 95% of the absorption, are opaque at their centers but do not display a significant amount

of overlapping. Therefore, for such paths 3 is small (83 < 1) and iP is large (» >> 1), and the

strong-line conditions are valid. It is noted that strong-line absorption must be present for

an atwmc.pheric path to be reduced to an equivalent homogeneous path. For these reasons

most rn .AC'hers assume that absorption is represented by the strong-line approximation,

A = A(6 1ý'.. " irically fit this function to laboratory data. If the data used do not satisfy

strong-line absorpi., 'mdltions when such a procedure is used, erroneous constants will be

determined.

After selecting the laboratory homogeneous-path spectra according to the above rules,

and the appropriate model for representing absorption for a given absorption band, one has

the proper foundation for performing an empirical fit which will yield a valid closed-form

exprC,.".0, ,tt p., eusttng absorption for other homogeneous paths.

Basically, the absorption coefficients are determined by minimizing the sums of the

squares of the errors between mesnured and calculated values of absorption. Before the least-

squares iteration can begin, an initial estimate of the two parameters 2saPL0/d and

S/2va must be made. The method of determination and the accuracy of these initial param-

eters does not affect the final accuracy except that poorly chosen estimates will considerably

Increase the iteration time. The method suggested is based on the fact that the three approx-

imations to the Elsasser integral deacribed In Section 5.2.3 always show greater absorption
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than that given by the complete Elsasser integral and approach the complete expression in
limit. This method can be deccriled as follows:

(1) Three master graphs are drawn on log-log paper. The first graph (Figure 36), is a

plot of Beers' law, given by

A = 1 -e : :p ( t ) ; = S w_ •
d

The second master graph (FJ.;ure 37) gives the strong-line approximation to the Elsasser

integral:

[l2,)1/2]2;ld =
D12 ' 21 -7o

A = enfw d-

where a _o = YLO/Pot and P 0 is stanr'ard sea-level pressure. The third master graph (Fig-

uze 38) gives the nonoverlapping-line approximation:

A = 1,lON,) + Y1 exp (-0)

2'TcI 0S w

Sd 2naLO '_

(2) Three working graphs are plotted for each spectral frequency for which absorption

constants are to be determined.

(a) In the first working graph (Figure 39) fractional absorption A is plotted as

a function of the absorption p-ih w (atm cm).

(b) The second graph (Figure ¶0) gives fractlornal absorption versus absorption
path times effective broadening prer.ure wP (atm cmx mm Hg). Note: P = P +e e
(B - l)p, where pe is the total pressure of the gas mLture and p is the partial
pressure of the absorbing gas.

(c) The third working graph (Figure 41) is a plot of the ratio of fractional ab-sot!ato eficctlve broadentirj pressure, A/Pe (m -1) essasrU ah
sorpt,- pesrA e (mm U~ versus absorption path!

effective broadening pressure w/Pe (atm cm/mm 1.).

(3) The r!:c graphs are now p,.ircd off in U;e followlng order: Figure 36 is superposed
over Figure '3, Figure 37 over F1, !irze 40, and Figure 38 over Figure 41. With a good spread
of data, it now becomes apparent tV•.t tCi several appromdmations are limiting functions and
all points on the graphs will fall b, t!he Vin... cuzrve. Figure 36 Is adjusted in the w di-
rection, until all plotted points of 1Y!,. re 33 fall Loov a.d to the right of the curve down on
FiUre 13. -e curve o ..... 23 formin the 1i.!n',ti continuum for the points of Fig-
ure 39. The relative positiorns ,'1•2l- 1hM , ate vah'e

( )= (y//) lC0
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Similarly, Figure 37 is superposed over Figure 40 and adjusted along the axis until the

limiting continuum is found, yielding the approximate value

The third pair (Figs. 38 and 41) can be adjusted in both directions to give approximation

to two parameters:

(2sa0) A/Pe

and

The three plots indicated above are not all necessary if sufficient data are available,

since only two constants, af/d and S/d (Note: S/4?0 = (S/d)/(aL,/d)), are necessary to

evaluate the Elsasser integr'%!; however, experience has shown that sufficient spread of data

is usually not available to adequately construct all of the graphs. For this reason, the best

graphs should be chosen. In the event that the nonovorlapping approximation gives a good

continuum, then it may be used alone for both approximations to the unknown parameters.

At this point it is assumed that the initial estimates of the parameters have been made

and the laboratory data have been properly chosen. Beginning with the fIrst estimates, the

absorption is calculated for each value of absorber concentration and each value of equivalent

pressure and compared with the measured value. The parameters are adt•sted until the

sums of the squared residuals between computed and measured absorption values are

minimized.

A computer program has been written by Baumeister and Marquardt and distributed as

a SHARE program [2011. This program, when coupled with the Elsasser-model algorithm,

will optimize the parameters for the Elsasser function.

The procedure described above is that wbich can be used when fitting the complete

Elsasser integral to labora.-ary data. It is emphasized that if the strong-line or weak-lin,ý
approximation to the Elsasser model is used to represent atmospheric absorption, then the

laboratory data must be such that these conditions are satisfied. This can be determi.led by

using the initial estimates of 2°i./d and S/2ralo and the values of w and P to calculate i

and 4p. These results can then b-- compar•ed with tLe values in Table 20.

201. Baumeiter and VArqcrd, I•L EZ•tnmvon of Non-Linear Parameters,

SHA!U Proj -am No. 1423, M~?fITnt~ ProSTzm, Mti
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A completely analogous procedure can be used when fitting the Goody model to a set

of laboratory data. That is, all three equations should be fitted to the data to obtain a set of

frequency -dependent parameters. Parameters obtained in this manner will give valid results

whether the absorption Ib strong, weak, )r of some intermediate value.

Empirically fitting a band-model exprerulon to homogeneous data generates coefficients

that represet the best value for all a-ailable data. The absorption constants then do not ac -

tually represent the strengths, widths, and spacings of the spectral lines but can be inter-

preted as a set of lines giving equivalent absorption. It c' ý. be expected that calculations

should be satisfactory for conditions bounded by the laboratory data. However, for extreme

cases the results may be rather poor. It is difficult to theoretically analyze the accuracy

with which a band model can be used to predict absorption, so the approach to be used here

is simply to compare the results with field measurements.

It is important to emphasize here that the results of empirical fitting are only good for

the temperature at which the data were taken. Problems arise, for example, when one attempts

to apply room-temperature data to the cold atmosphere without making appropriate corrections.

5.8.2.2 Use of Line Data

Since the line parameter data (see Section 4) are now availkle, it Is useful to take the

approach suggested by Goody (1964, Section 4) and sum the lines In the spectral region of

interest in the following special procedure. Goody shows that with the incorporation of line

parameter data, the band-model parameters 4' ad$ can be obtained for different models

using Lorentz lines. For the statistical model with an exponendIal distribution of line strengths,

the following equations hold:

2

w N (195)

and
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where the spectral region of coverage Av, containing N lines with strengths S, and half-

widths CLl. These line strengths and half-widths can be obtained, for example, from the

AFCRL compilation of line parameters [MeClatchey et al., 1972]. See Section 4.

If the distribution of strengths falls of; less rapidly than exponentially, but instead, in-

versely as S, then according to Goody the equations take the form:

N 2

wa N
St

and

rN 2

Goldman and Kyle [202] have calculated band model parameterv for calculating transmit-

tance in the 9.6 jim ozone band and the 2.7 jm water vapor band using an ex)onential tailed
S-1 line strength distribution in the statisticAl model in the form:*

TA =exp~ - 0 e {:P1[i 21r( w 1}) (199)

w = = exp- (80 Peirjf1 + 2o'P] 1/2 I})

e

L is the path length in cm

p Is the partial pressure of the absorber

P is the equivalent total pressure given by P p + (B - l)p where P is the total pressure of
e e

the gas mixture and B is a self-broadening coefficient for the absorber.

For this model Goldman and Kyle calculate the band model parameters for the exponential

tailed SI satistical inodel from:

*Note tiat this cor-responds to T = exp {-/4(1 + 2pE)1/2 - I]} as formulated by

Malkmus (1963). See Expression 12 in Table 2

202. A. Goldman and T. G. Kyle, "A Compailson Between Statietical MIcdl and Line-by-
Line Calculation with Aprlicatlon to the 9.6g Ozone and the 2.711 Water Vapor Bw-J-•"
Appi. Opt., Vol. 7, No. 6, 1938, pp. 1)V¶-T17.
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___ 1(200)

A, N (20'1)

~Si

Following from this, the average value of S/d (the average absorption coefficient) in Av Is:

S=LSi/A (202)
d=1

No other formulations of this type have been fou:id In the literature, although it would be

-raightforward to apply the Goody technique to other models, as long as the weak- and

strong-line approximations can be determined. The expressions related to the Elsasser

model are trivial, inasmuch as the lines are regular and of constant strength.

"5.2.9 THE CURTIS-GODSON APPROXIMATION

In all band-model calculations, the transmittance is calculated for a path containing a

fixed concentration of absorber at a fL.rd temperature and pressure, so that the path is homo-

geneous. These values are usua.1ly standardized to sea-level conditions under standard tem-

Sra .d a........ ` ... ... tu uav .amt Vu Aucivr, mad ausrber concentra-

tions are known (or can be obtained), the adjustment of conditions to meet standard criteria

can be made, so that calculations of transmittance can be made for any altitude in the atmo-

sphere as long as the path remains .iomogeneous. When the path traverbes the vertical, the

atmospheric paramcters change with altitudle, causing line-parameter changes, and thus cre-

ating probleras which usually must be attacked by the use of approximate methods of c~acula-

tion. In this case, to keep calculations within reasonable limits, it ib necessary to attempt to

find equivalent, or effective, values for the atmospheric parameters which affect the passage

of radiation under these pseudo-homogeneous conditions in the same way as if it were tra-

versing a real, slant path. The method used to find these effective paramreters is called the

Curtis-Godson (CG) approximation.
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5.2.9.1 Calculation of the Two-Parameter Arproximation

Goody (1964) calls this the two-parameter approximation L contrast with the one-
2

parameter or scaling approximation in which only w, the amoupt of absorber, in gm/cm (or

equivalent), is scaled in the form:

S(T)Pn dw (203)
S()Pn

where n, T, and P are assigned fixed standard (average) values, and w, the effective absorber

amount, is the sole adjusted parameter.

The two-parameter approximation requires that there be two conditions -ivder which the

transmittance may be calculated, these being the strung-line and weak-line lim';s of the band-

model calculations. The calculation of the average transmittance over AP is:

di- d e2 2 (204)J~ ~ I i , V( , ci)2L!

fA'

The summation is taken over all lines in the irterval, AP. In the strong-line limit u2 in the

den minator may actually be neglected since, for this case, the absorption all takes place in

the wings of the lines for which P, - Pi >> ai. Instead, however, the (more accurate) approach

is taken in which is substituted for La in the denominator, the value a being an effective

width (see Eq. (210)), so thatf duexn dw Z L22s5

The weak-line approximation to 7 truncates the infinite series representation of the exponen-

tl so that:

dv, - 2 +2 (20a)
fAP -

which, because Av >> a,, is approximated by:

---*1 ,2 f. .__ T__-° J t , ," (,)
•._ • ( )2 + AV•=

This straightforward treatment is taken directly from the book by Goody in which he next equtes

Eq. (207) to the weak-line approxlmatlon of Eq. (204), given by:
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X1 fd.2zS, (208)

so that, since aLia, = P/P,

S (209)

fdww LsS

Note also that: a - (210)

fdw ES,

where P is the Curtis-Godson (CG) equivalent pressure. This pressure along with a scaled
strength 9i and scaled absorber amount w can then be used in a homo-geneous-path calculation

of 7 to give:

"72 J dv exp -w 2 1 (211)

from which, by comparison with Eq. (205), Goody shoe's that the scaled absorber amount is

determined by:

f IdwESB

SJw 21(212)

ii

where S Is ev-.1uated at some v-erage temperature, T1"

Goody argues that, although the derivation was made using a Lorentz shape, Lhe aroxl-

mation is good for a variety of shapes, and furthermore, for any model, regular or random.

A comparison of the approximate optical depth for an atmospheric layer in which the pressure

varies from P to 3P, with that from an exact calculation is given in Figure 42.
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FIGURE 42. OPTICAL DEPTHS FOR A LAYER IN A MIXED ATMOSPHERE WITH
P1 = 3P 2. The broken line is an exact computation of the optical depth and the full

line uses the Curtis-Gcdsrn approximation.
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5.2.9.2 Critique of the CG AjLroxirrt ion

Other approximations have been presented fox specific investigations, e.g., Yamamoto

and Aida [203], Yamamoto, et al. [204,, Ellinpson (1972) (see Section 7.1, this report), Rodgers

and Walshav (1966), and others. It is beýyond the scope of this re., rt to pursue any further

detail in the nature of these calculations. The reader is referred to the original documenta-

tion on these studies as well as to the original work of the authors of the CG approximation

[205], [206].

Several critiques of the methods of approximation, in addition to that by Goody (1c164),

have been reported, amonj: which are Ludwig, et al. [207], Kyle (1968a), Drayson (1967),

Kaplan [208], Weinreb and Neuendortfer [2G9], and Goody [210], who cites the original approx-

imations of Van de Hulst [211] which predates the work of Curtis and Godson.

A particularly interesting and pertinent discussion of the CG approximation is to be found

in a paper by Armstrong [212], in which he expands the expression for the optical depth

around a point in the region between two pre rure levels, PI and 2 and between which the

transmittance is to be calculated. We note that I1 the hydrostatic approximation can be as-

sumed in the region of the :alculation, then:

-gpair dz = dP (213)

203. G. Yamamoto and M. Aids, "Transmission in a Non-Homogeneous Atmosphere with an
Absorbing Gas of Constant Mixing R-tlo," J. Qiant. Spec. Rad. Trans., Vol. 10, 1970,
pp. 593-608.

204. G. Yamamoto, et al., "Improved Curtis-Godmon Approximation in a Non-Homogeneous
Atmosphere," J. Aimos. Sci., Voi. 29, 1972, pp. 1150-1155.

205. A. R. Curtis, "Discussion of Goody's 'A Statistical Model for Water-Vapour Absorption',"

Quart. .. Roy. Met. Soc., Vol. 58, 1952, p. 638.

206. W. L. Godson, "Spectral Models and the Properties of Transmission Functions," Proc.
Toronto Meteor. Cord., 1953, pp. 35-42.

207. C. B. Ludwig, W. Malkmus, J. E. Brardon and J. A. L. Thom.ion, Hvanxok of Infrared
Radiation from Combustion Gases. NASA Report No. SP-D0•O, Marshall Space Flight
Center, 1973.

208. L. D. Wapl tr, "A Method for CuIculation of Infrared Flux for Use in Numerical Models
of Atmospheric Motion," The Atmosphere and the Sea in Motion, The Rockefeller
Institute Press, N. Y., 1959, pp. 170-177.

209. M. P. Welnreb and A. C. Neuendorffer, "Method to Apply Homiogeneous-Path Trans-
mittance Models to Inhomogeneous Atmospheres," J. Atmos. Sci., Vol. 30, 1973,
pp. 662-466.

210. r- M. Goody, "The Transmission of RAdiatlon Through an lnhomogeneous Atmosphere,"

J. Atmos. Sol., Vol. 21, No. 6, 1964(b), pV,. 575-581.

211. H. C. Van de flutst, "Theory of Absarption Lines in the Atmosphere of the Earth,"
Annalcs d'Astrophys., Vol. 8, 1945, pp. 21-34.

212. B. H. Armstrong, "Analysis of the Curtis-Godson A.pproximation and Radiation Trans-
mission Through Inomoge••us Atmoepheres," J. .tmo.. Sd., Vol. 25, 1968,
pp. 312-322.
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whe.re g is the acceler•z! ýn ol gravity, pair Is the air density, and P Is the total pressure of

the atmosphere at z. Sirce '., incremental path, ds, which a beam traverses can be written

aE dz.p (where 1A = cos 8), i.-e optical depth in terms of the mass absorption coefficient

k(v, 9) Is (bttween points s Wk s2).

qv) fk(v, s)dw = J 2k(v s)pds A1Jzl( z)_p_ Pair airdz

=z k:( v z)M(z)Pair dz

where p = gas density a.ad M(z) = mixing ratio and using Eq. (213),

-q(f) P 2k(v, P)M(P)dP (214)

Writing k(P, P)M(P) = S(P)b(p, P), where b is a line shape factor, we have:

-q(i) 2 J b(v, P)F;(P)dP (215)

Expanding b(v, P) in a Taylor series around a pressure P', between PI and P 2 9 there resulti

from Eq. (215):

.. (,,) =-b(PPJ (P)dP + ,,(P, -')S(P)dP

"PI

+2 dI 2  (P - P,)2S(P)dP ..... (216)

Considering the 2nd and higher derivatives as small with respect to the first terms, the

value of P' to be used in the first term as the equivalent homogeneous-path pressure Is deter

mined by choosing P' so that the second term Is zero. This leads to:

P d
FIT- 1 (217)

pP2s(P) dP

fP1
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which, one should note, is equivalent to Eq. (209) for a single line, the CG pressure. The

form of Eq. (216) leads one to speculate what corrections one can make to the CG approxima-

tion by not ignoring the higher order terms. The approach is taken by Armstrong in a rather

complete asse-,sment of this and other approximations, including integi'ation by Gaussian

quadrature. The reader is referred to thý paper by Armstrong (1968) for a complete discus-

sion of this suibject.

Except for directly integrating Eq. (214) through the path, which is usually not done be-

cause of the complexity of the computation, the CG approximation, or adaptations of it, is

essentially the chief one used in the models which ýjave had greatest exposure to the user.

As stated above, there have been many examinations of the confidence with which one may

use the CG approximation (see, for example, Fig. 42). Armstrong has plotted the percent

difference between the exact calculatlon and the CG approximation evident in the curves of

Figure 42. This result is reproduced in Figure 43, along with the corrected CG approxima-

tion obtained by taking into cotasideration a correction term in the Taylor expansion of the

absorptance. Included also is the rcsult obtained by applying Gaussian quadrature to the in-

tegral representing the optical depth.

5.2.9.3 Summary

The Curtis-Godson (CG) approximation seems to have withstood the test of hundreds of

applications, which has made it the basis of nearly all calculations of atmospheric transmit-

tance in slant paths. It is obviously not exact, and the accuracy of any results obtained by

using it are open to question depending on the degree of derivation from the conditions upon

which it was derived. The strong-Plne and weak-line conditions were invoked in its deriva-

tion, so that under intermediate conditions, the results should be expected to deviate from

those obtained from an exact calculation.

Similarly, in the Taylor series approximation, the CG approximation resulted from a

neglect of higher order terms, which should be consistent with an adherence to the weak- and

strong-line criteria. Even with its shortcomings, howe%,r, the use of the CG approximation,

or any counterpart to it, is essential for the calculation of transmittance in the atmosphere

when band models are used.
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0.05

0.04 8 Curtis -Godson

0.03 - - Corrected Curtis-

0.02- Godson
8 Second-Order

0.01 Gauss~an

0

-0.02 1 I I !
0.4 1.k 2.0 3.0 4.0

(X - X0 )

FIGURE 43. THE ERROR, Ox = Tx (EXACT) - T (APPROX-
IMATE), IN THE OPTICAL DEPTH FOR A LORINTZ LINE
FOR SEVERAL APPROXIMATIONS TO THE PRESSURE INTE-
GRAL, AS A FUNCTION OF THE REDUCED FREQUENCY
x - x0 RELATIVE TO THE LINE CENTER. The base pressure
P 1 of the atmospheric slab has the value 3.0, and the pressure
P2 at the top equals 1.0 (after Goody, 1964 [28], Fig. 6.1).
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6

DETAILS OF THE LINE-BY-LINE METHOD OF CALCULATION

6.1 JUSTIFICATION OF THE METHOD - BAND B 'IDEL LIMITATIONS

In setting the stage for the calculations that he reported for his doctoral dissertation,

Drayson (1967), while asserting the importance of bard models for certain atmospheric trans-

mittance calculations, observed that they have limitations which need not necessarily be

accepted today in view of the relative practicahility of thE method of direct integration. His

list of limitations on band models include the following:

"(I) The spectrl resolution of the transmittances is finite: for the Elsasser model it is

a multiple of the line spacings, while the statistical model must use an averaging interval

sufficiently large to ensure that the true distribution of the lines is adequately simulated by the

statistical distribution. The finite resolution introdu.es further complication& for atmo-,pheric

slant paths.

"(it) Many band models do not allow for accurate contributions of the wings of lines lying

outside the spectral region under consideration.

"(iii) The actual distribution of lines can only be approximated by the band models. In

Eome regions, e.g., near Q-branches, it is extremely difficult, if not impossible, to accurately

account for the complex distribution of lines. The development of the Quasi-Statistical or

Quasi-Random model by Kaplan [213 land Wyatt, et al. (1962) has done much to overcome these

objectione The resolution of the transmittances (for tie quasi-ranr•Ln model) can be made

arbitrarily small, the wings are accurately allowed for and the actual iistribution of lines can

be approached for sufficiently small averaging interval. It shares one "roblem with the other

models:

"(iv) When the models permit accurate calculation of the absorption due to a real absorp-

tion band, the complexity and length of calculation is considerable, even for the Lorentz line

shape. For other line shapes including the mixed Doppler-Lorentz line shape, the com,.Aexities

are even greater."

According to Drayson, the method of integrating directly over the actual lines in a band

was first used for part of the e.6 pm ozone band by Hitchfield and Houghton [214], and later by

other investigators. He (Drayson) cites the advantages as follows:

213. L. D. Kaplan, "A Quasi-Statl stlcal Approach to the Calculation of Atmospheric Trans-
missio.," Proc. Toron.o Meteor. Cord., lr;5ý(b), pp. 43-48.

214. W. HittMchIletd and J. T. Houghton, "PRdlatlon-Trandfer in the Lower Stratosphere Due
to the 9.6 Micron Band of Ozone," Quart. J. Roy. M~eteor. Soc., Vol. 87, 1961, pp. 562-
577.

l83



I, FCRMtERLY W LLOW RUN LABORATORES. THE UNIVERSITY OF MICHIGAN

"(i) The resolution is not limited; the transmissivities may be weighted by an Instru-

mental response function and compared with high resolution experimental spectra.

"(ii) There is considerably more flexibility in the calculations, especially when extended

to non-homogeneous paths.

"(iii) The actual distribution of line positions and intensities is used and all contributions

from the wings of distant lines are accurately included."

Drayson does not point out, however, that when the size ef tho band is large, the cost of per-

forming a direct integration is considerably larger than c. do' by band models, a factor

which usually enters into any decision reg-- "- -.. -. I take in calculation. In addition,

relevant and reliable line parameterF .- metimes unavailable.

6.2 DRAYSON'S METHOD

6.2.1 PRELIMINARY SETUP

Drayson's model was designed expressly to calculate long-wave radiatir' transfer in a

plane parallel atmosphere. His ultimate purpose was to calculate cooling rate,, *0 given

atmospheres, so it was necessary to take the radiative transfer equation (see Z' t.•on 2)

beyond the stage for calculating simply path (or sky) radiance, and integrate the fl*\x across

horizontal surfaces. He considered only molecular absorption and obtained for the radiant.

exitance, M, the value (assuming no azimuthal variation):

+1

M(P) =2s f L(v, q, )rpdpddv (218)

v p=-1

with:

"-(qg q)// g !it

L(P, q, it) L* (v, Tg)e J(v, q)e(tq)/M d for (1,> 0) (219)
L fvA

q
q

L(v, q, p) fJ(v, t)e(t)/ for ( 0) (220)

0

where P is the pressure at some horizontal surface, the s-ibscript, g, deitotes ground level, and

the other terms are as defined in Section 2.

The loss of flux per unit area over a layer is then determined by taking the difference be-

tween M(P) at the top and bottom of the layer, where, by substitution:
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M(P) = 2v [L*(v, Tg)e g q J(v, t)pe+d

q

Jv, t)e-(t-q)/ MtdMd (221)

', 'rder to set up equation (221;. -f closed-form integration, Drayson specified each of the

g -depe,.e.' -:0 :..:s ',z.arms of the exponential integral which has the form [2151:

1

E,(x)= Je'X/p"A n-1d- n=0, 1,2,... (222)

0 x•O

and then devised a means of expanding the En in a series of polyno-ial approximations [2161.
Comparison of Eq. (222) with (221) yields the expression for M(P) in terms of the exponential
integral. Then, al-plying the expression,

4 _ = _E n-l(X)

after integrating by parts the resultant of the combination of Eqs.(221) and (222), Drayson

obtains:

M(P) -- 2f *(P, Tg) - J(v, qg)]E 3 (qg - q) + E3 (q)J(v, C) + i dt E3 (It -"1)d dv (223)

Using other recurrence relations (see Abramowitz and Stegun, 1964) on the de.rivative of M, one
gets for the divergence of flux at a given layer, for which P is the pressure:dM' 0d

dM 21dld. k k Et - q)- 'dt - Ej(q - t) -• dt - E2(q)J(v, dv (224)
d'-P -dfv 2(t at- 1 dt

Drayson used the polynomial approximation to the exponential integral for the zenith

angle integration to avoid as many apprcRimatlons as possible, and, ircidentally, to enjoy a

215. M. Abramowitz and I. A. Stegun, Handbook of Mathem.tical Functions, National Bureau
of Standards, Applied Math. Series No. 55, Washin•ton, D. C., 1964.

216. S. R. Drayson, "Polynom!zl Approximations of Exponential Integrals," J. rpant. Spect.
Bad. Trann., Vol. 8, 1968, pp. 1733-1738.
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saving in computer time (average about 0.24 ms on the IBM 7090) over the computer system

subroutine for the efponential function. The polynomial approximation is given by (;or q - X):
N

P (q) = N Aiql

i=0

for the interval q, to q2, where the q's are the optical depths. Tables of polynomial coefficients

for E2 (X) E 3(X) and E4 (X) for givea intervalsX' X,2 are ieproduced respectively in Tables 21, 22

and 23 from Drayson (1968). Armstrong [217]acknowledges that Drayson's method provides a

very fast means f calculating the exponential integrals, but cautions that in some applications

in radiative transfer, the accuracy (which, incidentally, is within about 1 X 10-7 ) may not be

sufficient. As alternatives, he cites approximations by Cody and Thatcher [218]; and Gaussian

quadrature as applied in privately published work (Dave, [2191 and Armstrong and Dave [220]).

These alternative methods, however, are slower than Drayson's and the accuracy is not n,,ded

in the light of other special calculation techniques.

Because of Drayson's interest in cooling in the mesosphere, mesopause, and lower thermo-

sphere due to absorption by the 15 /im band of CO2, his coverage of the spectrum is somewhat

limited; and furthermore, because of the atmospheric regime covered, depends heavily on non-

equilibrium processes. The method of calculation is general, however, and is not applications-

oriented. The only bands used for calculating rotational line parameters were those tabulated

in Table 24 with isotopic relative abundances as given in Table 25. The value used for the

.orentz half-width was 0.08 cm 1 at 1 atm and 300 K. For specific details of the theoretical

approaches used to formulate methods of calculation of cooling rates and for the results of

calculations, the reader is referred to the thesis by Drayson [1967], published as a University

of Michigan report for the Na' ional Science Foundation.

The significant factor in Drayson's calculation, as far as this scction of this report is con-

cerned, is the method of calcula t ing the effect of molecular absorption. In order to perform

the calculation in the line-by-line, direct integration method: he used line parametera pre-

vi',usly compiled at The University of Michigan (Drayson and Young, 1967). Flux divergence

was determined by taking finite differences of the I 1ux equation which was writter for numerical

evaluation in the form:

217. B. H. Armstrong, "Exponential Integral Approximations," J. Quant. Spect. Hfad. Trzns.,
Vol. 9, 1969, pp. 1039 -1040.

218. W. Cody and H. Thatcher, Jr., Math. Comp., Vol. 22, 1968, p. 641.

219. J. Dare, A Subroutine for Evaluation of the ED-ponential Integral with Fifteen Significant
Figure Accuracy, Rept. No. 320-3251, IBM Palo Alto Science Center, Palo Alto, Calif.,
1968.

220. B. H. Armatrong and J. Dave, Gaussian Quadraturen of the Excionential Integral, Rept.
No. 320-3250, IBM Palo Alto Sct. Center, Palo Alto, Callf., 1069.
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TABLE 24. BAND STRENGTEZ USED) IN CALCULATING
ROTATIONAL LINE NTENSITIES. (From Drayson, 1967 18).)

Level Band Center Strength
Lower Upper (12C 1602 (cm-l(atm ema)1 at 300oK)I 000:0 F1 0:-_I 667.37D 194

2 010:1 020:0 618.033 4.27
3 010:1 100:0 720.808 6.2
4 010:1 020:2 667.750 15.0
5 020:0 030:1 647.054 1.0
6 020:0 110:1 791.447 0.022
7 020:2 030:1 597.337 0.14
8 020:2 110:1 741.730 0.14
9 020:2 030:3 668.151 0.85

10 100:0 110:1 688.672 0.3
it 100:0 030:1 544.279 0.004
12 030:3 040:2 581.62 0-0042
13 030:3 120:2 757.47 0.0$59
14 030:1 120:2 828.284 0.00049
15 030:1 120:0 738.364 0.014

TABLE 25. RELATIVE ABUNDANCE OF ISOTOPIC

MOLECULES.(From Drayson, 1967 [ 8])

Abandance Relative Band Center
Molecule to 1 2 C 1602 Of Fundamental

0 12 C 0'.0 67
1 1 3 C 160 1.12 x 10-2 648.5

2 12C 1a0 180 x.0 o 10-. 662.3
3 12C 16O 170 8.0 x 10-4664.7

• 4 13 160 180 4.5x 643.0

4. 100
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Mm =27r (v, O) E(m)d + AJij.. (

"E E4( Jqm - q,=--1) d)d (22rC

for which the atmosphere is considered as divided into homogeneous layers, in which the

source function is approximated by a polynomial in some vertical varying parameter, e.g.,

pressure. For details see the full report of this work. The factor of significance to this state-

of-the-art report is the method of integrating the function over frequency, in which the line

parameters are implicit in Eq. (225).

6.2.2 TRANSMITTANCE CALCULATION

For carrying out the integration in frequency of, say, Eq. (225), which is essentially a cal-

culation of transmittance or absorption, another work by the same author is cited [2211, in

which the integration was exemplified in finding the average value of trarnsmittance T in the fre-

quency interval v 1 to P2. As has already been seen there are a number of lines ki(V) = SIbi(vI, v)

in the interval v1 to "2 which contributed to the absorption, all characterized, among other

things, by their centers, vP. The basis for the direct integration technique is to find an effi-

cient way of numerically integrating the monochromatic transmittances !n the band between

v and v2. 'The setup of equations is given in the text of the U of M report (Drayson, 1967),

but the specific details of the integration over frequency, which are of importance to the cur-

rent state-of-knowledge, are referred to in the earlier work by Drayson and Young (1966).

Therefore, it is pertinent to investigate the technique in terms of this earlier work.

A typical application of the integration technique is the weighting of r(v) over the slit of

a spectremeter, namely:
V 2

(P*) = f(I - v*, a)T(v)dv

P II

where f([P - vij, a) is the normalized slit function, and (a) is the slit width at half intensity.

Drayson and Young (1966' have applied the technique to the !rntegratio,i of variously broadezjed

lines, although the form of the integrand is not of utmost importance. Shown below is the

2:1. 8. R. Draysor and C. Yomi, Theoretical Investigations of Carbon Dioxide Radiative
Transfer, Report No. 0734C I-F, University of Michigan, Amn Arbor. 1966.
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complexity of the expressions for which the Integrations over frequency were carried out, and
P2

in which the integration $ ki(v)dw is performed over the pressure range P 1 to P 2 to ySld

P
1

(fox constant absorber-to-air mixing ratio and constant temperature):

f~ ~ 2s [ p2 + (v - i)2

TIMP =Jki(Li)dw = 2CNS0 in LO (2 - (226)

for Lorentz broadening,

where PI and P 2 are the pressures at the upper and lower boundaries of the layer

c = dw/dP

S is the mean line strength

aLO is the line half-width per unit pressure at standard conditions

For the mixed Doppler-Lorentz broadening, a similar integration over pressure yields (for

the conditions stated above):

T Wv = i e In - t(227)
-0

where y = (aD = Doppler half-width)

a D (= =n Lorentz half-width = Oau=aD L

U U=0 UP

0 D

The optical depth is obtained br summing up over all lines and over the path between the points

in the atmosphere for which the transmittance is to be determined. Or, the atmosphere can be
subdivided into homogeneous layers and a Curtis-C.odson approximation (see Section 5) is used

over each layer.

The evaluation of the frequency integral can be done numerically by using an appropriate
qundrature formula, either a high-order one over the whole interval of integration, or a low-

order one over successive portions of the interval. Drayson and Young (1966) have chosen the

192
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latter because of the rapid fluctuation of k(v). They found by a process of trial and error that

4-point Gaussian quadrature could be applied successfully to Lorentz or Vcigt --ofiled lines

near the centers over the intervals bounded by pi(nts 0.0, 0.001, 0.002, 0.003, 0.005 and 0.01
-1 -1)

cm on either side of the line center. The narrowness (0.001 cm ) of interval is required at

low pressures but could be made wider for application in the troposphere. Four-point quadra-

ture yielded accuracy U.f four decimal places in transmittance, whereas lower order quadiature

introduced considerable error because of the rapid decrease in the absorption coefficient away

from the line center. In the region between lines, away from line centers the variation: of k(u)
-1

is not as great, so that a coarser interval of integration may be used, specifically, 0.01 cm

subintervals for a distarcp rTf from 0.04 to 0.35 cm"1 from line centers, and 0.1 cm- 1 sub-

intervals elseý,here. In order to avoid round-off errors in the computer, the line frequencies

were read in the computer to two decimal places, multiplied by 100, and converted from floating

point to integer mode. To calculate the absorption in any 1 cm' 1 interval, the frequencies were

converted back to floating point, relative to the center of the interval. By calculating all fre-

quencies relative to this point, the difference between neighboring frequencies could be accu-

rately found.

It is important to note, and often overlooked, that Gaussian quadrature iS used because the

highest order approximation can be achieved for the smallest number of points.

Drayson and Young do not specify Eq. (227) for the cplculatlon of transmittance using the

Doppler-Lorentz broadenhig, but refer instead, for slant-path calculation, ,o the expression

prior to pressure integration, namely:

-- 2 koU u o 2S2 I" expl-t21d

Ti(v) udP•PC) dt (228)
f 9 1 U2  (y. yt) 2

P1 o

They refer to a paper by Young (1965) for a description of the method for solving

,•ko 0 2 e j[- dt

ks1v) 71 f2 +(y-t)2
°00

A newer, much faster method (Drayson, [222 1) is currently being used. In the earlier work,

four-point Gauss-Hermit quadrature was used with y -> 7.0 and u positive. For the other

regimes: u s 1.0, y < 7.0 aud u > 1.0, y < 7.0, the reader is referred to the paper by Young

(1965). See also Section 5 of this report.

222 S. R. Drayson, Private communlcation, 1974.
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Because there are so many lines over which th,. calculatIon must be made (see, for ex-

ariple, Fig. 27), approximatio'vs and other short-cjts must be performed to keep down the

computer cosb. A straightforward numerical integration over the AFCRL lines, for which

a computer progran is given in the AFCRL report (McClatfchey, et al., 1973), requires a very

large expenditure of computer time, with an average cost without short-cvts of a little under

$1.00 per wavenumber, a cost which can escalate rapidly if the spectral region required is of

any reasonable size. It must be realized, of course, that this cost depends on a number of

factors, not the least Important of which is the nirnber of lines in a particular band.

Drayson and Young (1966) simplify their catculation by assuming the Lorentz half-width

for the 15 pm band of air-broadening CO2 to have the constant value of 0.08 cm"1 at 1 atm

and 300 K, as the result of comparisons between the suggested values of different investigators

In later work on radiative transfer, a variable half-width has been used. They used the pure

Lorentz shape for pressures greater than 0.1 atm, and the mixed Doppler-Lorentz (Voigt)profile

for pressures less than 0.1 atm. The Lorentz shape was used for Iv - vi > 0.2 cm" . The

Doppler half-width, which varies with frequency, changes sufficiently little to be effectively

constant over a 1 cm" interval, the value being that calculated for the center of the interval.

In the case of a constant-pressure path the quadrature calculation is applied to the line with

these parameters in the vicinity of the line center as outlined above for whatever pressure is

desired. For the layered atmosphere, the Curtis-Godson pressure for each layer is deter-

mined and the calculation performed for these pressures. This procedure yields more accu-

rate results than obtaining the Curtis-Godson approximation over the entire path.

For lines whose centers are further than 3.5 cn-I from the center of the 1 cm"1 interval

considered above, an interpolation is preformed to determine their contributions to the interval

from the wing contributions of the line evaluated at the midpoint and the two end points of the

1 cm-1 interval. The reason is that the variation of this part of a line over a 1 cm"1 interval

is small, and much time is saved. These contributions will vary with temperature, so the cal-

culations are made for six temperatures: 300, 275, 250, 225, 200 and 175 K. The interpola-

tion is made over wavenumber and temperature to determine the wing contributions. In this

way, the wing contribution can be included accurately (i.e., there is no need for an arbitrary

cut-off); and non-Lorentz shapes can be used if desired. Thus, much CPU and storage time

is saved without a compromise on accuracy.

Two further Interpolation procedures are used for the absorption coefficient:

(a) Over 0.1 cm 1 intervals some lines closer than 3.5 cm"1 do not vary much in their

contributions. So a computation is made for the sum of tha absorption coefficients of these

lines at the center of the interval and the two end pointp. The interpolation is made over wave-

number as required. Currently, the bounding value is 0.8 cm-1 , but this can be adjusted.
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(b) Near the line center ("* 0.01 cm•) using the small subintervals described earlier,

an Interpolation) can be made for lines more distant than 0.1 cm 1I from the line center.

These in'erpolations save much computer time without loss of accuracy.

6.3 THE iMFT1OD OF KUNDE AND MAGUIRE

6.3.1 APPLICATION

The most recent calculation of Kund& and Mgulre (1974) for a direct Integration of the

transmittance parameters is similar in procedure to that proposed by Drayson (1967). The

application of the results was somewhat different, however, and many of the particulars in the

use of approximations are peculiar to the use of the results. For example, Kunde and Maguire's

expression of the radiative transfer equation, shown here as:

R

L(0) = L (R)r(,, R) + J Li(s)dr.(v, s) (229)

0

implies its eventual use in comparing theoretically predicted with experimentally observed

radh-nces in the atmosphere. Their expression for the trarsmlttance through a uniform slab

(at pressure, P and temperature, T) is the usual exponential diminution at a specified ire-

quency, in a form suitable for incorporation into their radiative transfer equation:

iji', a) =exp [.. ~k(p, P, T)w] (230)

where w = pR Is the absorber amount in distance R. Density of the i-th gas is p1 and k1(v) is

its absorption coefficient at frequency, v. The average spectr5l transn.!ttance over the inter-

val, Av, is written, as usual:

TV h (231)

and, with Av divided into a variable number of subintervals, k = 1, 2, . . . K, a four-point

Legendre-Gauss quadrature (see, for example, Abramowitz And Stegun, 1964) Is employed In

each subinterval, such that:
K V

-Wirk(v, ") s)

k=I 1=i
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where

1kf 2 YI + 2

and VBk and vAk are the upper and lwer limits respectively of any subinterval. The W, and

y , are respectively the weights and abscissae used in Gaussian quadrature.

6.3.2 TRANSMITTANCE CALCULATION

The obJec'; of the work reported by Kunde and Maguire was to calculate upwelling spectral

radiance, neglecting any scattering effects. In Eq. (229) the lnwer limit of the path th'rough

which the radiance originates is designated as s = 0, and the upper limit (usually the top of the

atmosphere) is designated as s - R. The evpression for r(v) to any point s from above the

atmosphere is, of course, different from that in Eq. (230) because the path through the atmo-

sphere is variable. Instead, there results:

r(V, s) exp LJEkI(V, P, T)pids (233)
L.0 i

where, for the i-th gas, wI = fpids'. The approximation of the integral in a summation leads

to:

-r(v, s) = exp [ .ki (v, , Fj);Aw] (234)
ETiij l 1

in which the atmosphere is divided into layers of constant T and constant P (J 1, 2, . . , J)

equal recpectively to the average temperature and pressure over each layer. The four-point

Legendre-Gaussian quadrature applied to 7 overAv, xhich is divided into K zb'r.!ntervals

(k = 1, 2, . . , K), then )ields:

2 2]WFrkV(P, s)

- kl- - A1 (235)

The numericai approximation to Eq. (229) is:

L 1,(v, 0) L L 1(0)/Av L* L(v, R)r ,(R) + i(v, T(s))ArAVs~ 26
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The value is taken at the midpoint of the incremeni. Thus, the average spectral radiance over

the interval, ,v, is obtained from a knowledge of the Planck function at the center of a layer

and the calculated transmittances originating at a prescribed set of atmospheric levels,

appro.zimately 30 in all, selected to yield nearly equal increments of AF. This results in a

succession of levels which vary in Incremental distances from 0.5 km at tile lwer surface to

,1 km at the upper limit. The values of AT are computed (in Av intervals of 0.1 cm ) for in-

crements of 0.1 km by interpolation from the values of r A, computed from the 30 levels.

For comparison with satellite data, Kunde ,And Maguire averaged the spectral radiance over

thb presumed slit function of a spectrometer so that:

LA,(V) f(- V - v* 1, a)LV(v)dv

where f is the normalized slit function

a is the full width of the slit at half of maximum intensity

, is the center of the slit width,

Vl, P Vare the zero points of the slit function.

In the approximation this integral is evaluated numerically as:

L-VV E Ii~ I *, a)Lý,ViVdv 1  (237)

where I- v*1, a) is the average value off over the interval Avp, and vI is the center of

the i-th interval Av 1. By performing a fast Fourier transform of f and L the convolution in

Eq. (237) can be obtained by the product:

A Ft))- fwj (t)

where t is time, and ,F and 58and the Fourier transforms of their respective functions.

6.3.3 SETUP OF THE PROGRAM

The outline u. the numerical algovithm for determining L is taken directly from a preprint

of Kunde and Maguire's paper on the direct integration of transmittance [2231 as follows:

"1. Specify atmospheric model, vertical temperature profile, vertical gas concentration,

and surface pressure.

"2. Specify molecular absorbing gases and appropriate line parameters.

223. V. G. Kunde and W. C. McCsure, Direct Integration Transmittance Model, KAMA Report
No. X-622-73-258, Goddard Space Fligbht Center, Greenbelt, Md., 1973.
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"3. Set up vertical matrix of atmospheric temperatures, atmospheric effective pressures,

and optical path lengths for each absorbing gas for each atmospheric layer.

"4. Determine the average transmittance !or a 0.1 cm"1 interval for J atmospheric

levels from Eq. (234) and (235).

"15. Determine the emergent radiance for each 0.1 cm-I interval from Eq. (236) across Lhie

spectral region of interest.

"6. Determine the emergent radiance averaged over the instrument function as specified

in Eq. (237) for comparison to the observ-d -pectrLrm.

This algorithm has been programmed entirely in Fortran IV for an IBM 360 operating system."

In a manner similar to that by Drayson, Kunde and Maguire perform an integration over

all the lines of the atmospheric molecules by considtiring two regimes over each line, namely

(1) that region containing Av < 8, and (2) that containing Av > 8, where 8 is a prescribed distance

from the line center Specifically, for Av <" 8 the quadrature points are closely spaced; for

A, a- 8 the quadrature points are spaced farther apart. The details in the Kunde and Maguire

report are explicit and should be sought by the reader who has more than a passing interest.

The expression for the absorption coefficient at a given frequency resulting from the accumula-

tion of the effects of in lines of the i-th gas in the J-th layer with appropriate intensity is

(see Eq. (234)):

Skij(Vkt ej' T)= im(Tj)b'im(ej, Tj)+k"(VkI, Tj)ej/r (238)

m

(Recall that k and F refer respectively to the subdivision Av, and the order of quadrature.)
P is the average effective pressure in the J-th layer, where Pe = +(B - 1)Pa, such that P

is the total pressure, pa is the partial pressure of the absorbing gas and B is the self-broaden-

Ing coefficient. The subscript r refers to reference conditions, i.e., conditions under which the

line parameters were initially determined. The first term in Eq. (238) refers to ti-.at portion of

all the line shapes at v for which the distance, AP, from a line center is less than 8(=3.5 cm 1 )

The line shape bm(Pe, T) is the mixed Lorentz-Doppler shape given as:
in e

b(u, y) ) r!7L2 DH(U, y)

= 1/Ia and y a j2 when the diatance !rom the line center is less than 0.2

cm", and the pressure is less tlan 100 mb. The Lorentz line shape was ,,sed otherwise. The

firiction H(u, y) was evaluated according to a numerical procedure given by Young (19651.
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"The second tern, in Eq. (238) corresponds to that portion of the lines effective at V for

which Av 5 6. Since in this region the modified Lorentz shape is sufficiently accurate, the k0 (P)

is given by:

0~) S m (T)aLm(Pr, Tr)((2

y is given here as 0.5.

As in the integration performed by Drayson and Young (1966), each quadrature calculation

was made in intervals prescribed to keep the computer time to a minimum, while keeping the

accuracy as high as possible. So instead of retainJng a coarse quadrature interval and com-

promising accuracy, cr a fine interval and sky-rocketing computer costs, the variable interval

was tailored to the exact shape of the line. An excellent description of the frequency mesh

used to perform the numerical integration cn the spectral transmittance over Av, taken from

Kunde and Maguire (1973), is shown in Figure 44, in which (he schematic representation of the

central part of the line shape is 3everely distorted.

The interval chosen for Av is 0.1 cm 1, which, therefore, limits the ultimate resolution.

This is considered, however, to be always much smaller than the instrumental spectral res-

olution. This interval is subdivided for quadrature into smaller intervals, the fineness of the

subinterval being determined by its closeness to the center of a dne; na,•ely, that which yields

a mesh of about 0.001 cm"1 in the immediate vicinity of the center and 0.1 cm- 1 interval in the

wings. The scheme for dividing up the 0.1 cm" interval is shown in Figure 44. When there

are no lines falling closer to the interval than 6, the fo•,r-point quadrature is performed over

the ertire 0.1 cm"1 irterval as shown in Figure 44(a). The quadrature points are shown

normally as short vertical marks at t' n of the scale. If one line appears in the Inter-

val, it is divided up as shown into two intL, vals, dV, on either side of the line center, and into

d2 and J3 on either side of d . (See Fig. 44(b).) Ech interval, dI, is further subdivided into

two parts and four-point Legendre-Gaussian quadrature performed on these' parts. The accu-

racy in the transmittance is alleged to be good to two or three significant figures. Four-point

Legendre-Gaussian quadrature is also performed on the intervals designated d2 and d3 .

When there are two or more lines in the 0.1 cm-1 inter-val, the integration is performed

as shown schematically in Figure 44(c). The major difference between this and the case with

one line is the interval, circle 6, between lines. This Interval is designated as d4 . Thus, in

summary, when there are no lines in the 0.1 cm" interval, it is divided up into a total of four

quadrature points, With one line in the interval, the total number of mesh points is 24; and

with two lines in the interval the number of points is 44. There are correspondingly more

points as the number of lines in the interval Increases.
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6.3.4 FýAME RESULTS

Kunde and Maguire specify ir tieir paper the number and types of line parametors used in

their program. The AFCPL line cor..pllation, however, can be readily ad.pted. Some comparisons

where made with experimental data, of which three examples are shown in Figures 45, 46, and 47,

taken from the report by Kunde and Maguire (1974). These figures depict, respectively, the

homogeneous-path tran'imittance for CO2 , H20 and 03. In accordance with experimental evi-

dence, modifications to the line shape were made to account for the reduced absorption by CO2

in the continuum region within the 780-900 cm 1 range, but not shown in Figure 45. Thus for
-1

all CO2 lines in the 500 to 800 cm region, the line shape took the form:

b = bLorentz for 1v - vi5VI -Vmin

(240)
b =b Lorentz exp [-a( I P - P 1- vmin)5] for 1v - v0 mm

with vmin = 3.5 cm"I from the line center. Best fit to the data was obtained with a = 1.4 and

b = 0.25. Kunde and Maguire claim an agreement of better than 101,t: and suggest that the dis-

crepancy in the Q-branch regions is more indicative of an incomplete knowledge of the instru-

ment slit function than of a true difference in transmittance as determined theoretically and

experimentally.

Much greater care, based on the results of severa! years of experimental and theoretical

investigations, was exercised in generating the proper parameters for the continuum in H120.

Shown in Figure 48 are the values ad.apted for the foreign- and self-broadening coefficients

used in

1(P, pH2 0, T) = X 1(T)P + k2(T)PH20

PH20 Is the partial pressure of vapor) to obtain the transmittance in the continuum

regions between 400a;.. 1 ;00cm 1. Comparison of results, however arc shown between the

values obtained by calculuinon and by experiment in the 1535 cm" 1 1120 band. The difference

in apparent stracture on either side of the center of the band is the result of a change in res-

olution from 5 cm at 1200 rr,-% to 20 cm at 2000 cm . The agreement is better than 5%.

Comparison of earlier i esults (Conrath, et id., Ref. [224 j)viAhNimbus 3 data (see also

Section 9) showed a deficiency in the 03 part of the spectrum as a result of the neglect of cer-

tain upper-state bands. T7,e recent data have been improved by the inclusion of the ,2 band at

224. B. J. Conrath, R. Hanel, V. Kunde anI C. Prabhahara, "The Infrtred InterferomntM:r
Experiment on Nlnimbu 3," J. Geophys. Res., Vol. 75, No. 30, 1970, rp. 5831-5657.
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FIGURE 45. HOM?)GENEOUS PATH COMPAR-
ISON FOR 667 cm- CO2 BAND AT ROOM TEMP-
ERATURE. (a) Pe = 0.2053 atm, w = 6.30 c.-n atm;
(b) Pe = 0.0857 atm, w = 212.1 cm atm. (Repro-

duced from Kunde and McGuire, 1974 [91.)
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FIGURE 46. HOMOGENEOUS PATH COMPARISON
FOR 1595 cm"1 H2 0 BAND AT ROOM TEMPERA-
TURE. (a) Pe R 140 mb, P a lGI mb, PH20 = 10 rnb,

WH2O = 0.0352 pr crm; (b) P6e - 1073 rob, F R, 985 nib,

PH20 2 2 rob, WH20 = 0.077 pr cm. (Reproduced

from Kunde and Mc Gulre, 1074 [9].)
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FIGURE 47. H0Nl)GENEOU• PATH COMPARI-
SON FOR 701 cnV-1 O3 BAND A.T RO)OM TEM-
PERA&TOF3I. (•) P=6.66 mb, w 2 cm atm;
(b) P 533 nob, w = 9.4 cm ,atm. (Reproduced from

Kunde and McGuire, 1^074 [91.)
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FIGURE 48. WATER VAPOR CONTINUUM ABSORPTON COEFFICIENT FOR

THE 400-1400 cnf-I REGION. The k2 component is normalzed to the self-
broaidened modif:er1 '.hn V'leck-Weisskopf line shape for the rotational 1120 lines
atl ,•0 c;.il" anr' die self-broadened Loren•z line sh:ipe for ihe lines of the 1595
cm"! H20 bend "It 1400 cm"1 . The k1 comnponent is normalized in a similar manner
to the forelg• broadened water vapor components at 400 and at 1400 cm"1 . Only
the k1 and k2 contributions are included in the 430-1400 cm-I region. (Reproduced

from Kunde and McGuere, 1974 [9I7)
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701.4 cm- 1, adequate representation of whicn is given by McClatchey, et al. (1973). Com-

parison of Kunde and Maguire's theoretical results for this band with the laboratory results

of McCaa and Shaw (1967) is shown ir Figure 47. The number of lines used in the calculation

was 2158. The foreign-broadened half-width (self-broadening was assumed to be negligible)

used was 0.07 cm- at 296 K for a Lorentz shape.

6.4 KYLE'S METHOD

Another, somewhat different, method of performing a 1.ne-by-line, calculation was devel-

oped by Kyle (1968c). His integration over the spectral lin'.es Is performed with a simple

trapezoidal formulation, using a uniformly spaced integration net, optimized for a particular

line shape. This would ordinarily be considered a brute-force attempt at integration, which

would be most uneconomical in terms of computer time and costs. But Kyle has devised a

scheme for broadening the net or integration interval, so that the rumber of computations is

minimized. He writes for the generalized absorption coefficient the expression k(v - e0, CO,

which, numerically integrated with a stej. size D, yields:

-' k(nD +A, a)D= 1. (241a)

n=-Co

The value of A is calculated so that normalization over the interval r--ains unity. The physi-

cal representation of this type of numerical integratinn is shown in Figure 49.

With D taken outside of the summation, the summation resembles the expression fur an

Elsasser band, so that the result can be written directly for any line shape for which there is

a known solution. In the case of the Lorentz line shape, the solution to Eq. (241a) is:

L =/L 1 
(241b).. (nD/ L + %'/tv L)2 + I

n=-co

or

slnh (2ra L/D)
-~ - os - ;;A/0) 1(241ic)

which when solved for A, yields:

S= (D/2r) cos [exp (-2?ra 1 /D)] (242)

Thus, with a chosen value D, the step size in the numnorical inltgration, the choice of A is

made according to Fq. (242). Iie error in the integrated absorptance of a line is depeident on
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the choice of D/a This error is shown plotted in Figure 50 as a function of Sw/21TaL, which

specifies that reasonably large net sizes may be used before significant error occurs. Figure5l

shows how the peaks of the family of curves in (Fig. 50) vary as a function of the s'ep size. In

the same figure are plotted similar values for a Lorentz line for which the value of A is forced

to zero; and for a so-called atmospheric line. The 1 .er values are derived from the calcula-

tion of abfrorptance in a vcrtical path through the atmosphere, for a Lorentz line whose shape

changes as the half-width, aL, changes with pressure.

A A-value can be calculated for the atmospheric line by considering the shape derived by

Goody (1964) for the optical depth calculated for a path vertically through the atmosphere.

Thus, with the integrated value of the line shape noruialized to unity as before, we have:

CF 2 2co •I nD+ A)2+ af

£i DLL (nD +A)2]

2 1D (D+A 12a L n (n A (243)n=-00

According to Kyle, this leads to:

SD cs-1 1 + exp (-27raL/D)Co 2 (244)

A plot of the percent error as a function of Sw/2raL for various step sizes is shown in Fig-

ure 52. We ncte, incidentally, that as D approaches zero the ratio of A/D approaches 1/4 for

.the rure Lorentz line, whereas it approaches 1/6 for the pressure-reduced line in the atmo-

spheric case.

For the Doppler line, the expression for the integrated line shape is given as:

21D/vrab exp L~!A)] I(245a)

n- 00

where a ' is half of the width of the line at an amplitude of e"1 of maximum. Since no simple

solution exists for A, it is obtained by numerical solution of the equivalent of Eq. (245a),

given by Kyle as:

2"03[raA/D, exp (-vc-/D)2I = I (245b)3

where 03 Is the theta function given by:

OP, q) I + 2-qn cos 2nz (246)

27=1

207

} - -



ALI I PQRIIRMY WILLOW RUN LADONATORIMN TH9 UNIVERSIrtY IF .MICMK',AP

h

S . .. ...
~3.

So- Ix I i .:7>
*4 -3 .2, - 2 3 4

I20

F'SURE 49. ILLUSTRATION OF TWO INTEGRA-
TION NETS, WITH A = 0, AND & • 0. (Repro- W

duced from Kyle, 1968c.)
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FIGURE 51. MAXTUM INTEGRATED Aa1ORP-
"- ' TANCE ERROR AS A FUNCTION OF STEP SZE.

A 4 0 io determined by Eqs. (242) and (244) for
1-5 the Lorentz and atmospheric cases, respectively.

(Reproduced from Kyle, 1968c [6J.)

Swa

FIGURE 50. ERROR OF INTEGRATED ABSORP-
TANCE OF A LORENTZ LINE FOR TIHE STEP
SIZES, D/a 1 SHOWN AMOVE TIE CURVES. & is
determlned byEq. (242). (Reproduced from

Kyle, 1968c [6] .)
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The error in integration fur the Doppler shape is given as a function of Sw/2Va• in Figure 53,

for different values of the ratio D/. The unusual nature of the curves Is a function of the

rapid drop-off of the Doppler line, and is controlled to some extent in a real cake for which

tht Lorentz broadening becomes dominant in the wings.

Kyle notes that a step size equal to the half -width should give adequate results for the

Loreitz or Doppler shape, with a smal!er size needed for the so-called atmospheric line. The

fact that we are nearly always considering atmospheric cases seems to impose an upper limit

of roughly 1/4 to 1,/2 the half-width for a step size, if reasonable accuracy is to be achieved.

Kyle argues that often the positions of lines are not well enougý known to justify accuracies

which require very sirall step sizes. He notes that if the line positions are known only within

0.01 cm, with half-widths ,reater than 0.01 cm. then a value of A as large as 0.005 cm

can be used and a step size of 0.01 cm" would be adequate.

6.5 THE METHOD OF SCOTT IN DIRECT INTEGRATION

Another technique, which its author claims is a computer-time, saving technique, is de-

scribed by N. A. Scott (1974). The method is based on a .'Jrect numerical integration in fre-

quency using the line structural properties to derive an economical spacing of the frequency

mesh. As designated by Scott, the vertical transmittance is written as:

G U vV W exp{ wk K(v), zk} (247)1=1G tu) a V J=l

where:

ZG, ZU = respectively, the lower and upper limits of integration In altitude

Va' Pb = respectively, the lower and upper frequency jiilts of the spectral interval

Wi, wk = respectively, the weights for Inte:gr;tion over frequency and altitude

N, r = respectively, the number of intergration points over frequency and altitude

I - number of lines in the integrtlon interval and

Kj(v, z) = S1(z)bj(P, z)w(z)

where:

S (z) = strength of the J-th line at altitude, z;

w(z) = concentration of the absorber at z; and

b (v, z) = shape of the J-th line at z.

Recall that b is given by:
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FIGURE 52. ERROR OF INTEGRATED ABSORP-
11ON OF AN ATMIOSPHERIC LINE FOR THE
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a Is determined by Eq. (244).

TL 10.

40-

Sw

FIGURE 53. ERROR OF INTEGRATED ABSORP-
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Lorentz: a (248)LS(i'-&') +aL (28

j L
Doppler: 1V/ exp (-y 2 1; (249)

D+2
+ln 2t e

Voigt:-L I- 17- 2dt (250)
D u +(y'aL)

- anI _n2
with: y aD aD

aD aD

6.5.1 DETERMINATION OF INTEGRATION INTERVALS

The altitude is divided into r layers, each with a mean pressure and a mean temperature,

which are used for the computation of S, a and w. The frequency axis is divided into N equal

segments, or steps, according to Weddle's integration formula (see, e.g., Ref [2251) The size

of the interval, by = 1/N(va - Vb), is chosen to conserve computation time, yet preserve accu-

racy. Since the line half-width varies as a function of altitude, the integration step is chosen

as a prescribed fraction of the half-width prevailing at the highest layer (given as z r), in tht

vertical path through the atmosphere. Deperding on where zr occurs, the shape of the line

could be determined by Eqs. (248), (249) or (250) in which cases:

a L(z r)

for Lorentz: y = M (251)M

for Doppler: 6P = M 

(252

M (252)

,aL(Zr)
for Voigt: 8iv = -P-- f (253)

a D(Zr)

or 8y B d if y < 1

where M > 1.

//
/

225. G. A. Korn and T. Korn, Mathemtical Handbook for Bcientzta and Elwneers, IlcGraw-
Hill, N. Y., 1941.
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To take account of the fact that the line half-width increases at the lower altitudeE, and

the integration can accommodate a larger integration step, Scott defines a "representation

step," AV(zk) shown in Figure 54, for the k-th layer, such that the frequency interval is divided

into the steps:

V a a+ PA.a (zk) ..... ,I vb

where P = 0, . . . , n(zk) and n(zk) is the number of "representation points," in the frequency

interval for the k-th l.yIor. Note that there is no offset as recommended by Kyle. The total

number of integrat' )i, pints, N = v.(va - Vb),) is the same, but the values bctween the

"representation points" ire Gbta•ned by interpolation. Scott claims that the interpolation rep-

resents a saving in comp-Ater timLe over a direct calculation of each of the N values for each

layer.

6.5.2 SIMPLIFICATIONS

Ordinarily, it would be necessary to compute the value of the line shape b (v, z) = bj(v(P), z)

for j lines, at r layers for each value of P, which would invoel e a la.-ge amount of computing.

Scot#. proposes a simplification, the details of which can be found in the original article

(Scott, 1974). The simplification entails allowing (P - Vj) the difference between vY, the initial

value of the integration interval, and vj, the center of the J-th line, to be an integral multiple,

P', of &V(zk). This amornts to computing:

for Lorentz: Z (1 + ') and (254)
-Y (I + x U-2) and5

for Doppler: n r 2 exp (255)

where in Eq. (254), U = (P + P')/M and in Eq. (255), U = (P + P')f n-2/M, thus requiring only

one computatioa rfor each U, saidsfying all lines having a given half-width aL or a This re-

quires, however, a sacrifice in accuracy, since those lines which are not an integral multiple

of Av from va must he shifted by the value Iv -Vj I s- OF to v'. The loss in accuracy ona ~~-1 k
the other hand, of the order of 0.01 cm , may not be much greater than the uncertainty in the

positions of the lines. And furthermore, we may expect compensating offsets between the post-

tive and negative shifts. The value of P + P' incidentally ranges from 0 to a value beyond which

the computation of b can be halted, tteing a negligible contribution to the absorption coefficient.

When several gases are Involved in the computation, the value 8v is chosen on the basis of

the gas with the smallest half-width. Calculations of the contributions of the other gases are

made in relation to the ratios of the half-width of the various gases. The reader if referred to

Scott (1974) for details.
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6.5.3 EVALUATION OF RFSULTS

A very significant contribution "n Scoit's article to an undiersta 'ding of the usefulness of

a computation technique - one not often fomnd in similar descriptions - is an assessment of

the sensitivity of the transmittaaice to changes in various parameters used in the computation.

The sensitivities included in the articles are for changes in r, tk. number of atmospheric

layers; A, the number of points in the wing included in the computation; M, the ratio of the

half-width to the size of the mesh; and a L, different values of the Lorentz half-width. Also,

plotted are the arbitrary computation times as functions of r, f (the number of lines), and N

(the number of integration points). The alleged time requized for computation of T and dr/dz

is 20 seconds on a CDC 6600 computer, for N = 5500, r = 50 and I = 200.

As is true with all techniques, the true value cannot be determined without a comparison

with real results from experimental measurements. To perform this evaluation is no small

feat because of the variety of parameters and the difficulty oi achieving reliable physical data.

On the other hand, it i3 valid to compare different techniques by applying identical, if artificial,

data. This is not likely to happen, however, because, except in certain undocumented cases,

the exchange of programs Is presently impractical.

6.6 AN INTERMEDIATE METHOD OF TRANSMITTANCE COMPUTATION

The technique described in this section is one which avoids the use of direr-t integration

over the lines for the computation of atmospheric transmittance; yet does not resort to the

coarser techniques in the use of band models. It is included, thus, in this chapter as a sort of

transition between the direct method and the band-model method. The technique is described

by Arking and Grossman (1972), after an idea treated in a 1939 Russian paper by A. I.

Lebedinsky, which is referenced by Kondratyev [226). The basis of the technique is that the

ordering of the absorption coeffict. nt, k, with respect to Y is unimportant in the computation

of the average 7 over a finite spectral interval, but depends only on dtztribution of k-values within

the spectral interval. (Compare the quasi-random model, Section 7.2.)

Use of the so-called k-tistribution function avoids the need for direct integration, but re-

tains a limitation in that it requires the atmosphere to be homogeneous, wherein the absorption

coefficient is independent of pressure and temperature. The inhomogeneous atmospherp can

apparently be accommodated but with an increase in the complexity of the technique.

6.6.1 DETERMINATION OF THE DISTRIBUTION FUNCTION

Arking and Grossman (1972) write the average transmittance for the i-th spectral interval,

in tI'e following form:

726. K. Ya. Kondratyev, Radiation in tMe Atmonphere, Academic Press, N. Y., 1969.
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exp k(v, w)d dv (256)
ii(Wl' w2) Iv Li

w1 -5 W2P are the amounts of absorber (mass per unit area), respectively, above altitude levels

1 and 2. If the distribution function for k is given by hi(k) in the i-th spectral interval, then

Eq. (247) is rewritten as:

r 1(WIw 2 ) -- exp [ -k(-w2 -,Ihi(k)dk] (257)

0

Th.e determination of the distribution function, h(k), can be obtained in the following manner.

Imagine a cut across the spectruin (See Figure 55) from vI to v2 at k, of height dk. The

accompanying value of dv at each cut is given by dvi. where j varies from I to J, the total
J, 3

number of cuts. The total frequency interval covered by the cuts is . dvY, and this value

divided by IdkI is the frequency interval per unit k interval. Dividing this quotient by v 2 - v 1

gives the fractional Interval per unit k, which is the k-distribution functicon. Thus,

h(k) = - " J d (258)

When this value is used In Eq. (248), the value -r(w 1, w.) in Eq. (247) is determined with-

out resorting to direct integration. Arking and Grossmsan have obtained the k-distribution for sev-

eral casos of line structure. These includ., realistic rnd some not-so-realistic line structures.

Among the set are representations of bquare and triangular lines, and Lorenta- and Doppler-

shaped lines in a regular band structure. Ti'hc reader is referred to the original article (Arking

and Grossman, 1972) for the descriptions, As an example, a regular pattern of non-overlapping

Lorentz lines is chosen. A characteristic half-width, aLC, defined by aLC = CL/d (=P/21r), is

used in the Lorentz formula, in which the line spacing is d and the center frequency ot a char-

acteristic line Is taken a3 zero. Thus:

h(N) = 2 P [v/(aLcd) 2 for 0 s P - d/2 (259)

with k2 as the peak value of k(v), given by S/ra LCd. Thus, inverting Eq. (259) we have:

h(k ,-_ E 1-" 1)1/2 for kI r, 5 k (260)
.dL dk k 3 / 2 ( -k) 1  2

J=1
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with k as the minimum value of k given as:

k 2 (261)

1 + [1/(2a LC)12

An example of dhe distribution function in an actual gas for a portion of the 15 Jim C2

band between 675 ant. 715 cm- at 250 K and three different pressures is shown in Figure 56.

The distribution function for each curve in (Fig. 56) has the form h(k)ckn where n is 0.75 for

small k and 1.5 for large k. The minimum k is proportional to Pl, and the maximum V. in-

versely proportional to p.
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FIGURF 55. SCHEMATIC FOR DETERMINING THE DISTRIBUTION
FUNCTION, h(k).
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FIGURE 56. THE h-DISTRIBUTION FUNCTION FOR THE PORTION
OF THE CO2 15 jm BAND FROM 675 TO 715 cm" 1 AT A TEMPER-
ATURE OF 250 K AND PRESSURES OF !, 0.1, AND 0.01 atm. It is
based upon Lorentz profiles with a constant half-width of 0.08 cm"1
timee the pressure. The line parameters were taken from Di-ayson
and Young, 1967. (Reproduced from Arking and Grossman, 1972 [10].)
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7
ILLUSTRATIONS Of BAND MODEL METHODG

7.1 STATISTICAL MODEL (ELLINGSON; RODGERS AND WALSHAW; GOLDMAN AND

KYLE)

7.1.1 SPECIFICATION OF THE MODELS
The model used by Ellingson (1972) for the calculation of radiative transfer is the Goody

random model (see Section 5) with an exponential probability distribution of line intensities,
which gives, retaining some of Ellingson's notation:

- [ w"1/2]
7 = exp + 2. )C (262)

where (see Section 5)

In
C1 = ZSi(To) (263)

i:-I

2- n

L- 1
C 1 1-

C2 (4 n1/2 (264)
yiSi (To)CLO (T 0)

and the Lorentz line shape is implied. These expreEsions are similar to the expressions In
the earlier wor!'. of Rodgers and Walshaw (1966) and C2 obtained from the work by Goody
(1964). The definitions of terms are as follows:

w = absorber amount

P = Pressure (atmospheres)

T = standard temperature

CL0" = half width for the i-th line at one atmosphere p--essure

n = number of lines in the interval, Av

Ellingson's justification for the use of the statistical model is the succe3s achieved by other
Investigators, among the latest being the models of Rodgers and Walshaw (1966), and

Goldman and Kyle (1908).
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Goldman and Kyle, using the line ,zrarmcter data of Clough and Kneizys (1965), compare

the results of calculations using band models and line-by-line integrations of the 9.6 Am band

of 03 and the 2.7 Am band of 1120 vapor. The calculations of Goldman and Kyle employed the

random model, with an exponential probability diFtribution at 9.6 uim, and with an Sl line

strength distribution at 2.7 jAm. The comparative acciracy of the exponential and exponential-

tailed S- 1 band models are shown in a serl2s of figures which are taken from the report by

Goldman and Kyle (1968). The band parameters were calculated as shown in Section 5. In

Figure 57, the line-by-line and model calculations are compared for the 9.6 iim 03 band with

a spectral resolution of 1.3 cm- which corresponds in the line-by-line calculation to a square

slit function, and to which Is attributed the jagged nature of the curves. The other line param-

eters pertinent to Figire 57 are ,as follows: the line half width is (at one atm) 0.08 cm-

temperature is 2393 Y, pressure is 0.0197 atm, and path length Is 24.47 cm. The line-by-line

calculation Is displaced upward by 20% from the model calculation. Similar compar!t ins are
-1

made for 03 with a resolution of 2.5 cm and for two different absorber conditions, .amely

(1) pressure = 0.0197 atm with path = 24.47 cm and (?) pressure = 0.197 atm and pat!. = 2.447

cm. These comparisons are shown in Figure 58. In Figure 59, the Int.nt is to show the simi-

larities betueen the band models using the exponential and the expone.itial -tailed S'; distribu-

tions under physical conditions which are the same as those for Figure 58.

Goldman and Kyle ascertain that both the piint-by-point accitracy of the curvel -Ind the

accuracy integrated over the 03 band are good (see below), especially when the line-by-line

calculation is compared with the band model calculation using an exponential d!stribution.

For the upper curve of Figure 59, the integrated absorption foi the two different types of

distribution compares as follows:

1068.7f 8 Avv27.63 cm", exponential distribution

f5 A(v)d=
995.9 26.32 cm" 1 , exponential-tailed S distribution;

for the lower curve3 it is
1008.7 cm 1 ,dsrbto

f A(,7)dv = 49.99 cm , exponential distribution

995.9 47.30 cm 1, exponential-tai)ed S"1 distribution.

Specilcally, they claim a disagreement of about 5% In each of these cases, whereas the band

model calculatio'n if the integrated intensity with an exponential distribution agrees to within

1% of that obtained in the line-by-line method. In fact, the agreement remains good for all

of the resolutions used. Goldman and Xyle attribute the agreement, at lea:,t partially, to the

high density of lines in the spectral region. Tables by Clough and Kneizys (1965) show that in

a 1.6 cm-l interval, anywhere in the band, there are from about twenty to fifty lines.
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A similar treatment of the 2.7 urn band of H120 vapor by Goldn.an and Kyle yields the

curves of Figure 60. The temperature of the H120 vapor was taken to be 1200 K for compari-

son with the results of experimental measuremcnts [2271. The comparison in the curves of

Figure 60, however, is between the results obtained from the line-by-line and the band madel

calculations. The distribution in this case was the exponential-tailed S-1, which the Puthors

claim gave better agreement than the exponential. The line parameters used were those of

Gates, et al. (1964). The conditions for which the calculations were made were: temperature

1200 K, pressure 0.99F atra, path length 7.715 cm. The resolution was 8 cm"I. The expres-

sion for the half-width used in the calculations is aL (1200 K, 1 atm) = 1.275 a L (300 K, 1

atm). Calculation of the integrated band strengths gave:

41034A()d = 181.3 cm 1 , statistical model

3153.8 180.8 cm", line-by-lite,

showing agreement to within 1%. Comparison with the laboratory results of Burch and

Gryvnwk (1962), however, showed a greater disparity, as large as 10%, in a jroint-to-point

comparison. New values for the 2v 2 ',3150-3400 cm 1 ) strength of Gates, et al. have been

suggested by Burch, et al. [228], indicating an increase from 2.2 x 103 to 3.9 x 103 cm 1 /g

cm -2

Ellingson cautiously adopts the random model for the 15 Am band of CO 2 on the basis

that the many overtone, hot and isotopic band3 combine to "randomize" the otherwise regular

nature of the region w"ich cont ins the fundamental band.

7.1.2 SCALING THE PATH QUANTITIES (ELLINGSON; RODGERS AND WALSHAW)

In allowing for the non-homogeneous nature of the slant path through which the radiance

must be calculated, he uses the Curtis-C-odson approximation according to the method applied

b, other investigators (e.g., Rodgers and Walshaw, 1966) us!ng a quantity of absorber, ;W,

scaled in temperature, and a msan pressure P, defined respectively by:

;w(z, z') :6(T) dw (265)
Jz

and

227. D. E. Burch and D. A. Gryvnnh, Infrared Radiation Emitted by Hot Gases and Its Tran-
mission Through Synthetic Atmospheres, Peport No. U-1929, Philco-Ford Corporation,
1962.

228. D. E Burch, D. A. Gryvnak and It. R. Patty, Abc, rpt•nn by H 2O B.htwe -n 2800 and 4500
cn-I (2.7 Micron Region), Report No. U-3202, Phitcu-lc7o-Fd Corporation, 1965.
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=(z, z') 1 X(T)Pdw (266)

where

dw =p gdz/Mi, and (P is in atmospheres) (267)

iSi(T)

f(T) = i=l (268)

-SI(T o )
1=1

and

._•.. f , 1/2 12
t S I T)a LOI T)J/ 

2

X(T) = (.1i11/2 (269)
PtI'S (T0)CLt(0

As did Rodgers and Walshaw (1966), Ellingson used an interpolative function for determining

*I(T) and x(T), namely:

4,(T) = exp {a(T - To) + b(T - T0 )2} (270)

and

X(T) = exp {a'(T - T0 ) + b'(T - T0 )2} (271)

The values of a, b, a' and b' were determined from a fit of discrete values as obtained by

Eqs. (268) and (269). A check of this interpolation procedure showed it to give sufficiently

representative values of the variables, within 5% of the results of exact calculations.

The compilation of Benedict and Calfee (1967) in the region between 1000 and 2014 cm"1

was used to calculpte the average band strengths which were applied to Eqs. (270) and (271)

for these vibration-rotation H120 vapor lines. The line strengths and widths were calculated

for the tempeiatures 220, 260, and 300 K and the summations performed for use in Eqs. (268)

and (269). The value of T0 = 260 was used in the calculation of the constants a, b, a' and b' in

Eqs. (270) and (271). Figure 61 depicts the fuactions 4I and x for 6 different intervals in the

regioa between 1000 and 2014 cm 1 , the 6.3 tim band of H120 vapor. Where Isothermal condi-

tions would be as3umed the values of 4, and x would be fixed at uaity. For the rotatiolal H 20

"224
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FIGURE 61. THE TEMPERATURE DEPENDENCE OF 4, AND
X FOR SOME INTERVALS IN THE 6.3 jim WATER VAPOR
BAND. (Reproduced from Ellingson, 1972 111].)
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vapor band the unpublished data of Benedict and Kaplan (tabulated by Goody, 1954) were used

in the model formulated by Ellingson on the lines out to 640 em"1. From this point to the re-

glon where the 6.3 Am band absorbs exc. -Avely, the rotational band and the vibration-

rotation band of 6.3 Am were combined and the lines subnidtted to Eqs. (270) and (271). Al-

ternatively, spectral data supplied by AFCRL were used in the 600-800 cm"1 region where

greater resolution of parameters was required.

For ozone, the data of Clough and Kreizys (19G5) were used in the spectral region 960 to

1180 cm-1 (9.6 Am band). Unpublished data were used for the 14 am band. The temperature

range for the calculation of t and x was 195 to 275 K to correspond to the temperature range

importar.t in the stratosphere to ozone. The value of T0) was taken to be 235 K. Calculated

values of 4t and x for the 9.6 Am band of ozone are shown in Figure 62. The constant value

0.07 was used for the ozone half-width, as it was by Goldman and Kyle (1968).

The posltions and strengths of lines tabulated by Drayson and Young (1967) for CO 2 in the

region tetween 503 and 860 cm' were used to calculate the necessary parameters at temper-

atures of 175, 200, 225, 250, 215 and 300 K. The weak lines in these tables below 520 cm-1

and above 840 cm"1 were neglected. It is to be noted here, incidentally, that the3e parameters

have been upgraded in a more recent publication,Drayson (1973). The increase in reliability,

however, is not sufficient to result in any significant changes in the results computed by

Ellingson. A constant half-width value of 0.102 ,m-1 was used for the calculation of 4' and x.

The six temperatures listed above were used to obtain a best fit to the data, with T0 = 250 K.

Values corresponding to the indicated band of CO 2 for 4' and x are shown in Figure 03.

7.1.3 MODEL FOR CH4 AND N2 0 (ELLINGSON)

Ellingson apparently had no data available at the time of his investigation on the 7.7 Mm

band oZ methane and the 7.8 /m band of N20. He resorted to the use of an earlier popular

empirical model (229] given In the ^erm:

r= exp - (C3  --v) (272)

with 1/ = 3.46 for CH 4 and 17 = 0.48 for N2 0, as determined by Green, et al. for the 7.8 Mm

band. Compare the expression in Eq. (272) with that given by Green, et al., to wit:

S= exp - (w'/we)

where, for a fLxed temperature,

229. A. E. S. Green, C. Lindenm•yer and M. Griggs, "Molecular Absorption In Planetary
Atmosphere," J. Geophys. Res., Vol. 69, No. 3, 1904, pp. 493--54.
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W(Pe/Ps)

with
Pe =P + (B - )pa

in the usual way. Ellingson effects censistency with this formula by calculating ; and F

(Eqs. (265) and (266)) with 4' and X equal to unity. The graphical results of Green, et al.

were used to compute C3 for the particular model and resolution set by Ellingson.

7.1.4 SPECIALIZATION TO H!GH ALTITUDE (ELLINGSON)

It has been emphasized that the Lorentz profile inadequately represents the proper con-

ditions above those altitudes for which the Doppler profile dominates. Ellingson's model is

accurate for upwelling radiation only to 30 kin, since he assumes the validity of the Lorentz

line shape, stating, however, that this does not seriously limit the accuracy of the calculation

of the down-welling radiation; and suggesting a method (Gille and Ellingson, [2301) for correct-

ing the atmospheric transmittance by making a correction to that calculation using the Lorant-

line shape. Thus, for the mixed Doppler-%orentz, or Voigt, profile equivalent to the trans-

mittance using only Lorentz, the expression is:
C

TV = 7L (273)

where TL transmittance using the Lorertz shape

SV= transmiitance using the Voigt shape

C AV/A"L

where AV = mean absorption of a line with Voigt shape

A'L= mean absorption of a line with Lo.rentz shape

By defining:

h = 2caL/rD (274)

and

H C 2whV (275)
2P

230. J. C. Gille and R. G. Ellingson, "Correction of Razlom Exponential Band Transmilsuions
for Doppler Effects," Appl. Opt., Vcl. 7, No. 3, 1968, pp. 471-474.
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and using these expressions, Gllle and Ellingson obtain an expression (see Gille and Ellingson,

1968):

C C(H, h) = [I(H, h)(2iO + 1)1/2]/Ir 0% (276)

in which 4,0 = Sow/2na L (see Eq. (181), Section 5), and I(H, h) Is deduced from the line

properties.

Thus, for the downwelling radiation from space in which the Doppler effect predominates,

by neglecting variations in temperature, the non-homogeneous parameters wand P, Eqs. (265)

and (266) can be calculated for a variation in height from some arbitrary level to space, set-

ting $(T) and x(T) equal to unity. Using the hydrostatic equation:

dP = -gPa dz

the values of w and 1 are obtained as follows:

;w"= dw = pgdz' dz'== )aZ= (P')
M= - a g

where pg = density of the absorbing gas

Pa = density of air

M(z)= mixing ratio, assumied to be constant

g =acceleration of gravity

Thus:

P M(P(z)277)

where P(z) = is in atmospheres

Ps = presbure at one atmosphere

Also:

P -fi P(z)dw := P( dz' : -P
wJ wgg

So:

:P) (278)
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The parameters h and H for the non-homogeneous case then become:

h-L- P(z) (279)
aD

and

I- •CM(z)P(z) (280)

AlU of the quantities in these equ: "ions are easily obtained except for the value C 2 which must

be calculated from Eq. ',264). Having obtained the values h and H, the value C is obtained

from the values tabulated by Gille and Ellingson (1968). Table 26 shows the values used to

provide corrections tabulated in Table 27.

7.1.5 ELLINGSON'S 57- AND 100-INTERVAL MODELS

Ellingson (1972) presents two models, one derived from the specification of 57 different

spectral intervals over which calculations are made ini the spectral region from 0 - 2814 cm-

(see Table 28); and the other derived from the specification of 100 spectral intervals to make

uo for deficiencies caused by the coarseness of the 57-interval model. The 100-interval

model resulted from a need to reproduce the effect of the detailed struacture of thf L-:nd ren-

ters at 9.6 jum for 03 and 15 jim for CO 2 . The early data of Drayson and Young (1967) for

CO 2 are delineated in 15 regions as shown in Table 24. The region o'"tween 600 and 800 cm

was divided into 33 intervals as demonstrated in Table 29. T1hus, the Q-branches of the most

intense bands (numbers 1-4 in Tab'e 24) are concentrated in intervals numbered 19, 29, and

39. The widths of these intervals are small, whereas the widths of other intervals nwt con-

taining strong Q-branch lines are larger and, as Ellingson points out, could be larger still

without greatly affecting ihe average transmittance at thope frequencies. The same ntervals

given in Table 29 are used for 03, but for H2 0, which has fewer lined in the 6G0-800 cm"1

region, coarser intervals were used as shown in Table 30. When using the transmittance cal-

culated from values in these intervals, the values for CO 2 mnd 03 were summed to yield an

average value over the larger interval.

Finally, the 03 spectrum 9.6 pm was divided more finely than th2 H20 spectrum in the

region between 1000 and 11i8 cm"1 as shown in Table 31. No attempt was made, however, to

concentrate the Q-branch in a small inierval as was done for CO.. Taking the Mur of all the

intervals, it is noted that the 100-interv:.l model is made up of the following:

AX = 0-600 cm"I in 15 intervals from Tablc 28

X= 600-00 ens 1  in 33 intervals from Table 29

AX = 800-000 cmn in 5 intervals from Table 28
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TABLE 26. SUMMARY OF PARAMETERS NECESSARY TO CALCTULATE
APPROXII•ATE CORRECTIONS OF THE TRANSMISSION FUNCTIO,' FOR

DOPPLER EFFECTS. (From Ellingson, 1972 [ ii.)

V0  'VL0 aDO M(z) C2

Gas cm 1I cm-1  cm 1I gm/gm cm 2/gn h.

Water 400 0.1 6.89 x 10 4 2.0 x 10- 6  1G3 3.65 x 10 b 145.4
vapor

Ozone 1040 0.07 1.09 X 10-3 10-5 105 1.17 x 103 63.9

ýarbcn 667 0.102 7.33 x 10 4.84 x 10 7.6x10 3  9.38 x !0 139.0
dioxide

TABLE 27. APPROXIMATE CORR•ECTION FACTORS FOR
THE RANDOM EXPONENTLAL 13AND MODEL FOR DOPPLER

EFFECTS. (From Ellingson, 1972 [ 11].)

Correction Factor
Altitude Pressure

(kin) (nib) P 2 3 2

30 12.0 0.011800 1.0004 1.002 1.0000

35 Z.8 0.005700 1.0010 1.014 1.0004

40 2.9 0.002800 1.0090 1.044 1.0030

45 1.5 0.001480 1.0220 1.136 1,0130

50 (.8 0.000789 1.0940 1.500 1.0480

60 0.2 0.000197 1.8000 4.000 1.4300

TABLE 28. WIDTHS OF SPECTRAL INTERVALS
FOR THE 57 INTERVAL MODEL. (From Ellingson,

1972 (111.)

Interval No. Range (cm- ) Width (cm")

1 - 29 0- 1160 40

30 - 31 1160 - 1200 20

32 - 56 1200 - 2200 40

57 2200 - 2814 614
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TABLE 29. FINE SCALE DIVISIONS OF THE 15 Am
CARBON DIOXIDE BANDS FROM 600 TO 600 cm- 1.

(From Ellingson, 1972 [11] .)

Interval No. Range (cm ) Width (cmr)

16 - 17 600.0 - 610.0 5.0

18 610.0 - 615.5 5.5

19 615.5 - 618.1 2.6

20 618.1 - 025.0 6.9

21 - 27 625.0 - 660.0 5.0

28 660.0 - 665.5 5.5

29 665.5 - 668.2 2.7

30 668.2 - 675.0 6.8

31 - 37 675.0 - 710.0 5.0

38 710.0 - 718.0 8.0

39 718.0 - 721.0 3.0

40 721.0 - 730.0 9.0

41 - 46 730.0 - 760.0 5.0

47 - 48 760.0 - 800.0 20.0

TABLE 30. SPECTRAL INTERVALS USED FOR WATER
VAPOR IN THE 600 TO 800 cm" 1. (From Ellingson,

1972 [11].)

Interval No. Range (cm")

17 600.0 - 610.0

20 610.0 - 625.0

23 625.0 - 640.0

25 640.0 - 650.0

27 650.0 - 660.0

29 660.0 - 668.2

31 668.2 - 680.0

35 680.0 - 700.0

37 700.0 - 710.0

39 710.0 - 721.0

42 721.0 - 740.0

46 740.0 - 760.0

47 760.0 - 780.0
48 780.0 - 800.0
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Ax = 1000-1180 cm"1 in 20 intervals from Table 31
-*1AX = 1180-2814 cm in 27 intervals from Table 23

7.1.6 TRANSMITTANCE IN THE CONTINUUM REGION

The local H20 vapor lines are accounted for in the model, as shown in Table 32, which ...

also shows the spectral regions of pertinence to the other gases, as well as a comparison

with the analogous constituents in the work of Rodgers and Walshaw (1966). For the continuum

region, in which the absorptance is caused by the wings of distant lines, Ellingson uses the

empirical formula:

7w = exp (-k c + kej) (281)

where kc and ke are mean values of the foreign- and self-broadening coefficient. The value

p is the weighted partial pressure of H20 vapor, analogous to P, so that:

lfpdw
p -

7.1.7 CALCULATIONS OF HEATING RATES (ELLINGSON; RODGERS AND WALSHAW)

Ellingson applies the mathematical model, formulated through the above considerations,

to the calculation of the radiative heating rate as a lunction of height in the a~mosphere. The

approach he takes, both in the formulation of a transmittance model and in the application to

the calculation of heating rates is qdite similar in many respects to the investigation by

Rodgers and Walshaw (1966); so much so that, excluding results and the finer details, the

work by Ellingson will be considered essentially representative in a first approximation to

that of Rodgers and Walshaw. The fine details of the latter investigation, thereforc are cited

only by reference. Calculation of the heating rate requires a knowledge of the upwelling and

downwelling flux density at any point, and is given as the derivative of the net flux:

dM(Z)
M'(z) = dz(282)

where:

Mn (Z)= M t(z) -M(z) (283)

is the net flux density at z. The radiative transfer equation is set up in such a way as to sim-

plify the computation involving derivatives of the transm'itance function as much as possible.

Retaining some of Ellingson's nomenclature, the more-or-less oriLodox method of represent-

Ing the radiance at z in a direction p is given by:
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TABLE 31. FINE SCALE DIVISIONS OF THE SPECTRUM
BETWEEN 1000 TO 1180 cm" 1. (irom EllIngsov, 1972 [11].)

Width (cm")

Interval No. 03 H20 Range

54 - 57 5 20 1000 - 1020
58 -61 5 20 1020- 1040

62 -65 5 20 1040 - 1060

66 -69 5 20 1060 - 1080

70 20 20 1080 - 1100

71 20 20 1100 - 1120

72 40 40 1120 - 1160
20 20 1160 - 1180

TABLE 32. A COMPARISON OF THE SPECTRAL CHARACTER-
ISTICS OF THE RODGERS AND WALSHAW (1966) AND 100-
INTERVAL MODELS. The Rodgers and Walshaw and 1O0-interval
models are denoted RW and 100, respectively. (From Ellingson,

1972 [11.)

Active Frequency Number of Type of
gas range spectral intervals spectral data Model

Water 0 - 1000 10 Theoretical RW

vapor 34 Th.onretical Iro

1000 - 1200 1 Empirical RW

9 Theoretical and 100
laboratory

1200 - 2200 9 Laboratory RW

25 Theoretical 100

2200 - 2814 1 Theoretical 100

Carbon 582 - 752 1 Theoretical RW
dioxide 520 - 840 36 Theoretical 100

Ozone 610 - 800 31 Theoretfcal 100

960 - 1180 21 Theoretical 100

Methane 1200 - 1400 5 Laboratory ;,

Nitrous 1280 - 1400 3 Laboratory 16,.
oxide
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f•,' ,,d7((, z,+', +A)dz 24
L(vl, z, +,u) = Ll 0)(v, 0, + +L(v, z') d( z' (284)

for the upweill-ig radiance (see Section 2), where L*(v, 0) is the Planck function representing

the surface, and the emissivity of the surface is assumed to be unity. The downwelling ra-

diance is given by:

L(v, z, -$A)= -jL ,*(v z') dzI, -u) dzf (285)
"T

By integrating over the spei:tral interval, Av, Eq. (284) becomes:
M2 ,(z z ) d ' 1286)Z +A

V1 z, +) M*v, O)T(v, 0, +JA) + M dz} (286)

and similarly for the downwelling radiance. Implicit in Eq. (286) are the statements:

M* = irL* (287) /

7 (Vl, z',) a "r(v, z', ;i)dv (288)

AV'

with Tr the band model calculations of transmittance in the different spectral regions, for

the different gases. It is to be noted in all of the above equations tM.at T(v, arg, . . .) denotes

transmittance between the level z and that shown in the argument (arg). The derivative of the

transmittance In Eqs. (284) and (285) can be removed in an integration by parts, and the up-

welling and downwelling flux densities evolve respectively as:

M (z) = A*(z)- :'Av(t z') dM dz'- d r(v, 0)[M*(0) - M(0)1 (289)

and

M(Z) M*(Z) + T() d -)(v ZT*)M(ZT (290)
Vi z AV' " dz' AV''

where zT is the top of the Atmosphere. Note that an allowance is made, as it Is by Rodgers

and Walshaw (1966), for a discontinuity at the surface, as indicated by the term [M*(0)

M(0)], between the surface and the atmosphere above the durface. A similar term could have

been included for radiation coming In from above the at-norphere, as It in by Rodgers and

Walshaw. In Eqs. (289) and (290) the value of r integ.-ated over zenith angles is given by:

S'(z'(v, z') 2f 7"' (v, z'; gA)p du (291)
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The heating rate is thus given by:

-dAM(z) = -[M*(O) - M(0)] d M(zT) diA (V, zT)
dz dz T dz

+ dz dz'Iz' + J dz dz dz, (292)

All that is needed, therefore, to calculate spectral radiance are the inputs to Eqs. (284)

and (285) (or their equivalent as represented by Eq. (286)), which requires a knowledge of the

Planck function or its derivative, and the transmittance function or its derivative. Similarly,

from Eq. (282), the heating rate is calculated using the same function. As was shown pre-

viously, the transmittance is analytically expressed in terms of the Goody model (Eq. (262)),

the Bignell model for H120 continuum (Eq. (281)), or the Green, et al. model for CH4 and N20

(Eq. (272)). The derivatives of these expressions are fairly straightforward, yielding from

the expression:

d-TAV (v z'; ji) dwT (293' ....

dz dw dz

where dw/dz P for the slant path. Since i is implicitly a function ofw'and P, the

derivative of r AV can be expressed as:

dT AVl(V', z'; - t) aTAV(v. Z'; d) d + aTAV(v, z'; A) dP2

dw - Zw_ dw dw

with

= CZ) (295)

and

d (X(z)P(z) -z)) (296)

Differentiation of the expressions for 7r from the three models !hen yields:

1. Goody Model

d AV( ,, z'; A .) (-3/2 + C2w'Xr)PW)

dw "C ( z•) + (2',Z; A) + (+ -2 (297)V P 2TP (z)/
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2. Ai2 0 Continuum

d'A V(V, z'; -P) = k k e ( A)

-P(z)TA(v, z'; i)(ke - ke for x(z) 1, i.e., T const. (28)

3. CH 4 and N2 0

dw = A-C3 1P(z)X(z)P& lv, z'; 9)(C3wP'7 -1

= -c 3•CP(z)A (i, z'; L)(C 3 'P'h- for x(T) 1 (299)

In order to perform the calculatioa, Ellingson derives an expression for the spectral

Planck function integrated over 5 cm'1 intervals for 14 temperatures spaced apart by 10 K

from 180 K to 310 K. A fifth order polynomial was fitted to the resultant vaiuea antI the final

expression is:

51

M(T) = -gr(T - 260)1 (300)

t=0

Integration over the variable gA is avoided by using the well-known diffusivity factor of

Eleasser [231], given as r = 1.667.

Ellingson's physical model was a plane-parallel atmosphere made up of 100 levels for

computation. The calculation of radiance, and hence fluxes and cooling rates, then amounts

to the integratijn over a series of layers, represented in general by:

fZJ+l M(zz') -. z') dz'
Mdzz#j

where the integration is made to some prescribed level zk, and is carried out in Gaussian

quadrature for N(=2) an:

z -2N ( ad
J+1 -' h) (301)

I :-WiM(zk'= hh) dT zh hi

1=11 1

The W's are the Gaussian weights and the hi's are the values In the Gaussian formula cor-

responding to specified altitudes, calculated from:

231. W. M. ElMasser, Heat Transfer by Infrared Radiation in the Ataosphere, Report No. 6,
Harvard University, Cambridge, i942.
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h z J + (302)2 2

where the i are the Gaussian nodes. The values of the atmospheric parameters used as in-

put to the calculations are obtained from radiosonde measurements of temperature, pressure

and humidity. In Elling3on'c work the zj's are actually calculated as scale heights, Hi, given

as H -f nP. His method of the specification of atmospheric parameters is not treated in

this section. In'egratiois were made over a series of 99 layers In the atmosphere from tMe

surface to 60 km. Details of the structure are shown in Table 33. The limit of 60 km was

imposed for the purpose of making comparisons with satellite data.

In comparing his resulto with measured data, Ellingson averaged spectral radiance

v alues from Nimbus 3 data over an irterval of 20 cm or less. His calculated values were

averaged by a square tilit function. The comparisons are shown as histograms in Figure 64.

Tables 34 and 35 .abolato comparative values and show some of the statistics related to these

comparisons.

7.2 USE OF TIlE QUASI-RANDOM M'ODEL (KUNDE, HAURWITZ)

Kunde (1967b) has applied the quasi-random model to the radiative transfer equation for

thermal radiation superceded later by the direct integration methcd (Kunde and Maguire,

1973) as described in Section 6. The method is described in detail by Wyatt, Stull and Plass

(1962a) for the H120 mo!ecule, and by Stull, Wyatt and Plass (1963) far the CO 2 molecule,

which references must be consulted for an in-depth understanding of the procedure. For the

reader whu wants only peripheral information, a short description is given here, as applied

by Kundc to H.O and CO 2 .

In accordxnce with Goody's (1964) development, the average value of transmittance in the

rangc -1/2Nd to +1/2Nd for the random model Is:

NH J+l/2N1/2N dv i/d) exp (-w-k Vi)

T = N •+112N

L-1 -1/2N 
v

One objection to the use of the random model is that the distribution of lines over the width

considered for Av = Nd is not actually rzaidom, nor is the interval of integration Infinitely

wide, an approxim'ýtion which had to be assumed as a necessary manipulation of the expres-

sion. Thus, for arny chosen interval, the effect of lines outside the Interval Is not accounted

for. The non-rarecomness of the lines, furthermore, causes different effects depending on

how the line! actually became arranged. If they were actually more regular than randomness
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TABLE 33. THE SPACINGS OF THE LEVELS OF COMPUTATION
IN THE RADIATIVE TRANSFER MODEL. (From Eillingson, 1972 (111.)

Altitude range (kmi) Thickness of layers (kcm)

0-12 0.3
12 -SO 0.5
30-48 1.0

48 -60 2.0
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FIGURE 64. THE IRIS OBSERVED AND 100-LNTERVAL MODEL CALCULATED SPECTRALLY
AVFRAGED SPECIFIC INTENSITIES. The smooth curves give values of the Planck function

for the Indicated temperatures. (Reprodatced f rem Ellingson, 1972 ill1].)
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FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CALCULATED SPECTRALLY
AVERAGED SPECIFIC INTENSITIES. The smooth curves give values of the Planck function

for the indicated temperatures. (Reproduced from Elllngson, 1972 [11].) (Continued)

2\4

• ~242

-w/



fFOR%4E(RLV WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICH60AN

140 - OBSERVED
-- - CALCULATED

C

100

""0300
o 0

40

•' 60

I-

- 40 o

w

I-

z ~z

0 200 400 600 800 1000 1200 1400 1600 1800

WAVE NUMBER (cm-')

(c) June 4, 1969

FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CAY /'ILATED SPECTRALLY
AVERAGED S?ECIFIC INTENSITIES. The smooth curves give valu,.:J of the Planck function

for !he Indicated temperatures. (Reproduced from Ellingson, 1972 [111.) (Continued)
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FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CALCULATED SPECTRALLY
AVER'AGED SPECIFIC INTENSITIES. The smooth curves give valuez. of the Planck function

for the indicated temperatures. (Reproduced from Ellingson, 1972 [11].) (Continued)
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FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CALCULATED SPECTRALLY
AVERAGED SPECIFIC INTENSITIES. The smooth curves give values of the Planck function

for the indicated temperatures. (Reproduced from Ellingson, 1972 [11J.) (Corcluded)
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TABLE 34. PERCENT DIFFERENCES BETWEEN OBSERVED AND CALCULATED
UPWARD INTENSITIES FOR THE FIVE COMPARISONS. (From Ellingsun, 1972 [111.)

rrequency Percent dlf2erence from observed
range Compa.'i son number
(cm-l) 1 2 3 I 5

400-44o -2.38 -2.68 - .33 -3.10 -2.19
44,o-48o -1.89 -1.89 -.1..44 -14.16 -4.42

480-520 - .90 .r7 - .92 -2.33 -3.12

520-560 1.53 2.90 .53 - .64 -1.85

560-600 .33 1.38 - .20 -1.146 -2.0o4
600-640 5.52 5.98 4.140 3.51 14.36

640-66o 3.60 14.37 3.15 1.69 14.00

660-68O 3.39 14.86 3.145 2.81 14.98

680-70o 6.65 8.23 4.7T4 14.55 8.23

700-740 2.69 3.58 2.06 .78 2.21
7b0-760 - .58 .33 - .10 - .96 -1.80

760-730 1.33 1.25 .11 -i.414 -14.28

780-800 .147 .29 -1.39 -2.58 -6.1u
800-840 1.72 1.87 .61 - .82 -4.11

840-880 1.69 1.24 .82 - .51 -3.83
880-920 2.32 1.53 2.25 .49 -2.145

920-960 2.64. .91 2.78 .97 -2.05

96o-1000 3.22 1.14o 3.20 1.39 - .65
1000-10140 -4.66 -6.99 -3.46 -5.25 -5.70
lo4o-1o8o -3.30 -6.36 -2.34 -3.93 -14.i0

1080-1120 3.38 .53 2.51 .78 -1.57

11210-110 .80 .145 1.51 .12 -1.19
1160-1180 1.82 .60 1.72 1.92 -2.52

1180-1200 3.25 3.59 1.88 1.69 -2.55

1200-1240 2.37 2.28 3.14o .91 I.87
1240-1280 1.36 5,34 3.82 -3.81 -3.16

1280-1320 1.81 1.03 1.59 -4.-38 -7.147

1320-1360 .63 4.92 10.06 -l.ha -10.23
1360-1400 -19.02 -10.32 16.81 -15.23 -18.20

Totals
14o00-140o .81 o90 1.12 - .85 -2.26
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TABLE 35. SOME STATISTICS ON THE OBSERVED AND CALCULATED UPWARD
INTENSITIES. (From Ellingson, 1972 [i l.)

Frequency Mean intensity Standard deviation
range (ergs cm-lsec- 1  Percent (ergs cm-1 sec-1
(cm-1) steradian- 1 ) difference steradian-1 )

Observcd Calcul-ted Observed Calculated

14o0-44o 97.03 94.96 -2.114 2.08 2.01

404o-48o 103.15 100.02 -3.04 1.96 2.13

..8o-52o 110.20 108.77 -1.30 1.75 2.142

520-560 116.91 117.149 .49 1.6P 2.96

560-6oo 107.17 106.75 - .39 1.23 2.'i

6cm-640 75.73 79.33 4.76 .140 .87

640-660 46.A2 4-7.98 3.36 .19 .35

660-66o0 48.59 50.49 3.89 .28 .29

680-700 43.59 46.4o 6.47 .53 SI9
700-71•0 714.419 7T617 2.26 .50 J2

740-760 101.79 101.i6 - .62 .75 1.01

760-780 117.94 117.29 - .55 1.21 2.84

780-8u0 115.02 112.87 .1.87 1.12 2.88

8oo-814o 116.75 1i6.56 - .16 1.34 2 62

814o-88o 111.67 111.53 - .13 1.32 2.141

880-920 106.30 107.18 932 1.50 2.11

920-960 100.06 101.10 1.014 1.68 1.93

960-1000 91.72 93.28 1.10 1.514 1.71

1000-10140 64.34 60.98 -5.23 1.57 1.02

10140-1080 61.83 59.38 -14.03 1.78 1.11

1080-1120 71.68 72.148 1.12 1.414 1.66

1120-1160 64.80 65.15 .514 1.28 1.66

1160-1100 58.52 58.94 .71 1.19 1.73

1180-1200 55.57 56.44 1.58 .57 1.68

1200-1240 149.59 50.66 2.16 1.00 .93

12140-1280 31.89 32.23 1.07 .88 1.05

1280-1320 22.82 22.147 -1.51 .51 .95

1320-1360 20.81 20.92 .50 1.214 1.05

1360-11400 14.59 13.03 -10.614 2.03 .82

Totals

400-1400 76.29 76.23 - .05 .93 1.148
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would imply, then the assumption of randomness would incorrectly accentuate overlap. On

the other hand, there are cases where the clumping of lines occurs, for which absorption is

complete or', in the region of the clump. An assumed random distribution of these same

strong lines oiten causes the calculation to yield erroneously high absorption.

The quasi-random model obviates these discrepancies to a large extent (Wyatt, Stull and

Plass, 1962). By making the interval Nd(=IAv) considerably smaller, say 6, the randomness

of the distribution of lines within a is more likely to be a reality. The interval can, of course,

no longer be considered infinitely wide, nor can the number of lines be counted as infinitely

great. Thus, no simple approximation to the integral can be made. The sub-intervals, 6 r,

are all part of the larger interval, Lv, and each of the sub-intervals, 6r, contains nr lines

with centers at v1 (i = 1, 2, . . . , n r). In analogy witi the random model, therefore, the aver- V

age transmittance at the frequency (taken for convenience at the center of the interval) iz:

n

7 r(V)M 37f exp [-k(v, vi)w] dv' (303)r nr -l f. I

ar 1=1 r

as shown in Section 5. Wyatt, et al. (1962) ascertain that Eq. (303) corresponds to the aver-

age transmittance over the interval, 6 r, inasmuch as it represents the average of the permuta-

tions of nr positions of the spectral lines in the interval.

In accordance with Eq. (190) in Section 5,

or(V) O t exp'(-ý,wb(a, (304)r{

Thus, in the calculation for 7'r ' the direct contribution, i.e., the contribution from those lines

in the interval containing v, occurs for j r. The wing contributions occur for all of the re-

maining intervals in which j * r.

Essentially, except for the complexity of the calculation, Eq. (304) represents the average

transmittance at v due to a chosen molecule for which the line parameters are known. Wyatt,

Shill and Plass showed schematically, however, that the arbitrary choice of a boundary be-

tween two intervals -an cause unnatural differences in the average transmittance between the

two intervals. They proceeded to off'ret this error by merely calculating the transmittance

for the given interval, and for the irterval shifted to either side of the given Interval. The

shift was equal to one-half the size of the interval. The transmlitance was weighted accord-

ingly. Thus the calculations involved a set of unshifted intervals, 6a and a set of shifted In-

tervals, 60, yielding:

- r lP) =1 , rs(v 6/2) + (ru lv) + Trs(P + 6/2)] (305)
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where the superscripts u and s refer respectively to the unshifted and shifted set of intervals,

or meshes.

The basis for the calculation is the integral in Eq. (304), which is the average transmit-

tance due to the line simulated in the i-th decade for the J-th interval. If the Lorentz shape

is assumed, the expression:

I exp [-Siwb(v, v')I dv1

yields

F P 2
7i(v) = exp 2 jdir (306)(f 7) +P

where • =lW/nTL

p + 2aL/ 6

17 = 2y/6
S= 2z/8

y =I - 6/2

z v - vo 6/2

and the interval over which the integration is performed has the bounds (vO, 's, + 8). The

reader is referred to the report by Wyatt, Stull and Plass (1962) for a delineation of the

analytical solution to Eq. (306). Young [232] has demonstrated an expression analogous to

Eq. (306) for the Doppler line chape:

9Ci(r 2)'/2 /V- 2
Ijv djIf j In2]dr

7i(V)= exp OD a71/2 IxP 2 dvr

Lall)
which is given by:

TI(v) = exp + exp (2)]d (307)

where:

232. C. Young, A Study of the Influence of Carbon Dioxide on Infrared Radiat!ve Transfer In
the Stratosphere and Mesosphtre, Report No. 04682-1-T, Uriversity nf Michigan, Ann
Arbor, 1964.
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Siw (,n 2)

aD I

UD(fn 2)1/2

Considering the complexity of the analyticc.l form of the expression for the Lorentz

shape, and the lack of an expression in analytical form for the Doppler and mixed shapes,

Young designed a numerical technique using Legendre-Gauss quadrature for evaluating

Eqs. (306) and (307). He did so by dividing the integration interval into seven sub-intervals

comprising:

y = 0.0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1.0

and applying the seven-pont quadrature formula. Young claims to have obtained the same

values for Eq. (306) as Wyatt, et al. obtained using the analytical technique. Kunde (1967b)

used Young's technique in his theoretical computations of outgoing infrared radiancf., except

that he applied the eight-point instead of the seven-point quadrature formula. He claims to

have obtained agreement with the values derived from the analytical form to within six sig-

nificant figures. He also showed (see Table 36) that the assumption by Wyatt, et al. (1962),

in which they evaluate the aver.ige transmittance at the center of the interval in the direct

case as representative of the average value in the interval, is invalid when the average trans-

mittance at the center is compared with that at the lower boundary of the interval. He sug-

gests, however, that the averaging by shifted meshes helps validate the assumption.

The evaluatioi: of tVe contributions of the wings of lines outside the Interval is simpler

than that of the direct contribution, but is still complicated, especially by the fact that, as

suggested in other work [233], the simple Lorentz line shape must be modified (see Section 4).

Since, for the wing contribution, the approximation at2 << (, - v0 )2 can be made, the expres-

sion for the wing effect becomes (for the unmodified line):
2/

7V=1 exp L 2jd77 (308)

and (for the Benedict-modified line):

iI+ exp [A•Ip 2 exp - {a(6/ 2 )bIE j .lb}'dq (309
¥l(6,) =x - - . (309)

L ( 7-7) 2

233. W. S. Benedict, et al., "The Strengths, Widths, and Shapes of Lines in the Vibration-

Rotation Bands of CO," Astrophys. J., Vol. 135, No. 1, pp. 277-297.

250



FORMERLY WILLOW RUN LABORATON ES, THE UNIVERSITY OF MICMWAN

TABLE 36. AVERAGE TRANSMITTANCE AT CENTER AND BOUND-
ARY OF SUBINTERVAL 8. (From Wyatt, et al., 1962b [ 195].)

2
p j p i(vc)
0.001 0.05 0.3124 0.9860

0.01 0.05 0.8454 0.9202

0.1 0.05 0.5413 0.7464

1.0 0.05 0.0897 0.3544

10.0 0.05 0.0 0.1108

/
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where a = 0.0675

b = 0.7

A is a constant which makes the unmodified and modified forms continuous at I - i =.

The above are the values of the constants suggested by Wyatt, et al. The values suggested by

Winters, et al. (1964) are: a = 0.08 and b = 0.8. Unlike Wyatt, et al., who assume an average

transmittance in the interval equal to the transmittance at the center of the interval (obtaining

(,) = "n n1(W')| 1- n (v), with the first and second terms respectively the direct and the wing
ij

contributions), Kunde applied 8-point Legenlre-Gauss quadrature over the interval 71 = -1 to

= +1 in Eqs. (308) and (309). Differences are evident between the values calculated by the

two different methods, especially for the interval adjacent to the one in which the transmit-

tance is obtained.

Contributions to a given frequency from the wings extend infinitely far on both sides, so

that some criterion is used to determine the points in the wings beyond which the calculations

ar3 terminated. These points coincide with the values +cM and "cM for which the transmit-

tance "(v) = 0.999. Using only the strongest intensity decade, the transmittance at v' can be

written

{~ exp :P-

where • and n correspond to the strongest decade. Setting T(v) equal to 0.999 and calculating

for c (see Kunde, 1967), the result is
2

f- = const.P-w

This expression is valid for the unmodified Lorentz line. An analogous expression can be ob-

tained for the modified line.

Values for OV(=--P0oraLO) and for n have been tabulated for 5 cm"1 'inshifted and shifted

meshes for H20 vapor at 300, 250 and 200 K between 1000 and 10,000 cm- 1 (Wyatt, et al.,

1962). In the same report, the values of transmittance were calculated for different condi-

tions. A list of these conditions is given in Table 37. Similar expressions Iave been calcu-

lated for CO 2 between 500 and 10,000 cm"1 (Stull, Wyatt and Plass, 0963). Table 37 also lists

the transmission calculations that were made for CO 2 by the same authors. The reader Is

referred to the original renorts for the mammcth sets of tables from which the determinations

*Note that 5 cm- is too large for some regions, e.g., near Q-branches. Fence, the cal-

culated absorption is too large.
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of atmospheric transmittance can be made. In consideration of the recent set of line param-

eters aý,ailable (McClatchey, et al., 1973), it may be more accurate for one to compile his own

set of data, which would be a lengthy but relatively uncomplicated task using the procedure

which is well detailed by Wyatt et al. (1962). The tables of transmittance compiled by Wyatt,

Stull and Plass, and categorized in Table 37 has been available, apparently, from the authors

on tape, as stated in their report, and indeed was made available to Kunde for his calculations.

Whether it is still available some 7 .,ears after Kunde's published results, has not been

ascertained.

Using the recent AFCRL data one may generate a set of ýo and n values similar to those

by Wyatt, et al. using the procedure delineated in their report, namnly:

(1) [This step pertains to the determination of the line parameters]

"(2) On the basis of (1), the integrated intensities of all contributing vibration-rotation

lines were calculated systematically.

"(3) As the intensity and frequency of each line was generated, the line was assigned to

the frequency interval spanning it.

"(4) Once assigned to an interval, a given line was then grouped according to the intensity

decade into which it fell. Within a particular decade a running count was made of the number

of lines placed therein. Also retained was a net sum of the intensities of all those lines

placed in each decade. If a line was generated with an intensity more than eight orders of

magnitude below the strong-st line already placed in the given frequency interval, it was ig-

nored. On the other hand, I stronger lines were subsequently generated, the data for weaker

lines was dropped when they occurred in intensity groups which were more than four groups

below the most intense. In short, either the top five strongest groups were retained, or only

enough groups to span eight orders of magnitude. The latter choice resulted in less than five

groups when the lines in that portion of the spectrum were very weak.

"(5) The coefficients were then calculated for each frequency interval by dividing the

intensity sums by the nu:" ber of contributing lines and thence dividing the resulting average

,trengths by vaL0. For H20, the value cL0 = 0.10 cm" 1 was used.

"Or-ce the coefficients ý0 and nk were generated, the effective transmissions were cal-

culated at frequencies corresponding to the centers of the chosen frequency IntervaLj of width

5 cm 1. Sequentially, the coefficients tk for various combination of the pressure* and amounts

It should be mentioned that the term preusure is used here in the sense of Howard,

Burch and Williams, viz for water vapor the effective broadening pressure is equal to the
sum of the total pressure plus 5.3 times the partial water vapor pressure.
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of absorbing gas were calculated ( w/P). From each of these sets the effective trans-

missions were r-Iculated as follows:

"(1) All the transmissions were set equal to unity.

"(2) Starting ,Ath the lowest frequency interval, the direct contributions to the transinis-

sions were calculated at the center of the interval for each intensity group contained therein.

These were then multiplied together and thence by the factor 1 initially set. Hen':e, the re-

sulting transmission represented the direct contrioutions from the five intensity groups

which represent all lines having an intensity within 10-6 of the strongest line in the frequency

interval.

"(3) Subsequent to the calculation of the direct contribvtions, the coefficients were used

to calculate the wing contributions to the transrn.'Rions at the center of the interval of inter-

est. The wing contributions from Lines at both lover ard higher f equcncies were considered.

The calculation was made for the Lorentz line shape and, in the caLn' of CO 2, for the Benedict

modifkation. Thus, as any contribution to the transmission at a given frequency was gencr-

ated (be their origin direct or wing), its value was multiplied into those previously calculated

at that frequency.

"(4) The wing calculations were carried out at frequencies faxther and farther from the

chosen interval until their contributions to the transmissions exceeded 0.999."

As was done in the original work, one must calculate transmittances for special cases

(see Table 37) and interoolate for those other cases pertinent to his own problem. Of course,

the Curtis-Godson approximation can be used for the calculation of slant-path conditions, as

It can in the calculations performed by other techniques. The interpolation technique formu-

lated by Wyatt, et al. (1962) is reproducel as follows:

"The simplest analytical procedure is that consisting of logarithmic interpolation be-

tween non-zero values of the absorption A. Express the absorption in the forn'

A = 1 - 7 = e-f(PTw)

where f is usually a complicated function of pressure (P), temperature (T), and absorber

amount (w). At points where one or both of the tabular values (Af t are identically equal to

unity, linear interpolation on 7 provides more than sufficient accuracy. Otherwise, It is far

more accurate to interpolate f(P, T, w). This is true because the main part of the functional

dependence of the absorption on P, T, and w Is usually represented by the exponential factor.

As only three significant figures are given In the tables, a first order interpolation generally

provides sufficient accuracy. It shoild be noted that the entries for varying pressure and

path length are given in terms of values that are nearly equidistant when plotted on P. logarith-

mic scale (e.g., 1.0, 0.5, 0.2, 0.1, 0.05, . . .
255
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"From the above equation one has

f(P, T, w) = -lnA

When the absorptanre at constant P is plotted against w on a log-log graph, the result:ng

curve has oniy a small curvature and displays long linear sections. Similar remarks apply

to an absorptance curve at constant w plotted against P. For these reasons, the most accurate

interpolation is obtained by taking eqtal logartithmic intervals for P and w so that

Af = fAx +f +f

ax aT ay

where x = InP and y = Inw. Thus,

f(P + AP, T + AT, w + Aw)= f(P, T, w) + Af

and

(P + AP, T + AT, w + Aw) = I - A(P + AP, T + AT, w + Aw)= - exp - (f + Af)

"The following examples illustrate the method described above.

a) Given: P=latm, T=300K
at w = 0.1, r = 0.583, A = 0.417
at w = 0.2, T = 0.439, A = 0.561

Find: atw=0.17forP= latm, T=300K

Procedure: A(0.1) = 0.417; f(0.1) = 0.3747
A(0.2) = 0.561; f(0.2) = 0.5780

In(O.1) = -2.3026
fn(0.17) = 1.7720
1n(0.2) = -1.6094

Hence: Al = af At(n w) = 0.5780 - 0.8747 (-1.7720 2.3026)
a 8nw) -1.6094 + 2.302.

-0.2967 5336 = -0.2271
0.6932--

Therefore: f = f(0.1) + Af = 0.8747 - 0.227: = 0.6476

1.(0.17) = 1 - e -0.6476 = 0.477

b) Given: P= latm, T=300K
at w = 2.0, "r 0.648, A 0.352
at w = 5.0, - = 0.425, A = 0.575

P = 0.5 atm, T = 300 K
at w = 2.0, u" = 0.715, A = 0.285
at w = 5.0, T = 0.545, A = 0.455

Find: 1(P, w) at w = 3.2, P = 0.75, T =300 K

Procedure: A(1, 2.0) = 0.352; f = 1.0441
4(1, 5.0) = 0.575; f = 0.5534
A(0.5, 2.0) = 0.285; f = 1.2553
A(0.5, 5.0) = 0.455; f = 0.7875

fn(2.0) = 0.6931; 1 n(1.0) = 0.0000
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fn(3.2) = 1.1631; fn(O.75) = -0.2877
In(5.0) = 1.6094; fn(0.5) = -0.6931

Hence: Af= -(fn w) + am f nP)

2TI nw)n fnP

0.5534 - 1,0441 (1.1631 - 0.6931)

1.2553 - 1.0441
+ .231 -0 (-0"2877)

-0.2517 + 0.0877 = -0.1640

Therefore: f(0.75, 3.2) = f(l, 2.0) + Af = 1.0441 - 0.1640 = 0.8801

T(0.75, 3.2) = 1 - e 08801 = 85.

It Is pertinent to include here a description of Kunde's method for the calculation of at-

mospheric transmittan,'e using the quasi-random model. He broke the spectral range Into

Intervals of 5 cm' 1 ayd used this as the value of 6, which then determined the limit of resolu-

tion of his calculaterd values. This allowed him to consult directly the values In the reports

(Wyatt, Stull and Plass, 1962; Stull, Wyatt and PI iss, 1963), for which the Intervals chosen

were 5 cm". Quoting from Kunde (1967b), the following explanation is given.

"The transmittances are evaluated, considering the integrated absorption czefficients to

be at an Isothermal tenperature along the atmospheric slant path. The isothermal temper.-

ture which best represents the temperature variation along the slant path must be chosen

from 200 and 300 K for CO 2 and from 200, 250 and 300 K for H2 0. With the optical path

length, the isothermal temperature and the average effective pressure known, the quasi-

random transmittance can then be evaluated.

"The quasi-random transmittances for a given temperature, pressure, and optical path

length are calculated as follows. To insure that the contributions of all lines are taken into

account, all intervals from PI - vM to vF + PM must be considered. (vI is the center of the

starting Interval, 5; vF is the center of the final interval, 6.) For the above intervals, the

coefficients 4 0 and '7k, corresponding to temperature TI for both the unshifted and shifted

meshes, are read from magnetic tape and put in core storage. The direct zontribution Is then

computed for each 5 cm- 1 interval from PI to vF using the numerical quadrature of Eq. (306).

Next, the wing contribution is computed starting with the Interval at v, - vM and subsequently

considering all Intervals until the Interval vF + vM is reached. For a given interval, the

associated coefficients were used to calculate the wing cortribution to the transmittances at

the center of all the other intervals from to vF. The wing contril .'ion was computed for

higher and lower wave numbers until the contribution exceeded 0.999. In each Interval of

interest, the wing contribution was multiplied li.to the values prevIously calculated. When the

computation of the wing contribution was completed, the direct and wing contribution for each

2257
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interval of interest were multiplied together. The same procedur, was then used for the

shifted mesh. The quasi-random transmittance is then obtained by averaging the transmit-

tances of the unshifted and shifted meshes according i Eq. (305). The transmittances are

computed for each wave number range of interest starting with the level in the matrix repre-

senting the ground, and subsequently evaluating the transmittances for each level in the ma-

trix until the top of the atmosphere is reached. The output of the calculation consists of a

height vs transmi..tance matrix for each 5 cm interval. This data is put on magnetic tape to

serve as input data for one third section of the program."

Kunde calculated TI(v) using the quasi-random model on the mixed l.ne shape (see Sec-

tion 4) applying 8-point Legendre-Gauss quadrature to the seven sub-intervals introduced

earlier in this section, for pressures less than 100 mb and distances from the line center of

less than 2.5 cm-1 A comparison of the average transmittance as obtained with the Lorentz

line with that obtained for a mi:xed line is shown in Table 38.

Comparisonz are made of the res'ilts of the quasi-random mcdel with experimental re-

sults and with the results of other methods by a number of investigators. Figures 65 and 66

make Euch a comparison in the 2.7 and 6.3 pm bands of H120 vapor with the experimental re-

sults of Burch, et al. [2.4] for transmittance averaged ever 20 cm" 1. Figure 67 shows CO 2

comparisons with the experimental results of Burch, Gryvnak and Williams [233] in three

spectral regions. Although there tends to be an overestimate of CO 2 absorption in the Q-

branches, the comparison on CO 2 is fairly good; on H120 vapor it is relatively poor in certain

regions. Kunde compared his calculated resuItG with ihose of Burch, et al. (1962) for the

6.3 Am band of H120 vapor. The results are shown in Table 39 for an integration between

1250 and 1590 cm" 1 and br'tween 1520 and 2100 cm- . When the disparity between calculated

and experimental values was observed to be large, the calculation was repeated, and the half -

width changed, by trial and error, from 0.10 to 0.16 (for 1250-1590 cm"1 ) aad 0.11b cm- 1 (for

1590-2100 cm' ). The integrated absorptances in the 15 jum band of "002 were also compared

and the results are shown in Table 40. Here the values are compared with those of Young

(1964) as well as with experiment.

Young made comparisons of his own from the quasi-random model, but using his line

parameter data. Some examples of the spectral diffrences are shown for the 15 gm band of

CO 2 in Figure 68. The calculated values are presented as histograms, representing values

of transmittance averaged ovcr b cm-1. Young asserts that the quas' -random model tends to

234. D. E. Burch, D. A. Gryvnnlc and E. B. Singleton, et al., Absorption by Carbon Dioxide,
Water Vapor, and Miror Atmospheric Constituents, Repcrt No. AFCRL 62-298, Ohio
State University, Columb s, 1962.

235. D. r. B3urch, D. A. Gryvnadk and D. Williams, Science Report No. 2, AF 19(604)-2633,
Ohio State University, Columbus, January 1961.
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FIGURE 67. COMPARISON OF THEEORETICAL RESULTS WITH
THE EXPERIMENTAL MEASURJ'MENTS OF BURCH, GRYVNAK
AND WILLIAMS. (Reproduced L, m Stull, et al., 1963 [16] .)
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FIGURE 67. COMPARISON OF THEORETICAL RESULTS WITH
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AND WILLIAMS. (Reproduced from Stull, et al., 1963 o].)

(Continued)

263

S.."-.- -



FORMFRLY WILLOW RUN LADORATORIES. T!.g UNIVERSIfY OF MICHIGAN

I a

fat ~ ~ af Umax. ________

II-

THE EXPEIMTHEO AR"OCAL B , "

W(VI mmmuI(, cu'

(c) 2.7 ji Band

FIGURE 87. COMPARISOU; OF ThxEORETICAL R.ESULTS WITH
THE EXPERIMENTAL MEASUREMENTS OF BURCH, GRYVNAK

AND WILLIAMS. (Reproduced from Stull, et al., 1963 [16] .)
(Concluded)
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TABLE 39. COMPARISON CF QUASI-RANDOM AND EXPERIMENTAL INTEGRATED

ABSORPTANCES FOR THE 6.3 pm H20 BAND. (From Kunde, 1967 [131.)

fAd, 125A-1590 c
1 

mjAdv 1590-2100 cm"
Ebxpert-

ExperS- Calculated mtptal CalculatedSample Pe w mental
e ~mental

aL-O.3 O 
0 L .0.16 a .0.100 a -0.115

atm pr cm

1 .0194 .0017 12.3 9.6 15.0 12.7 13.4 15.4

2 .0232 .0018 14.9 10.9 17.1 14.4 15.4 17.6

3 .0345 .O19 17.0 13.4 20.9 16.4 18.2 21.6

4 .0530 .0019 21.1 16.2 25.0 22.4 22.9 26.1

5 .1167 .0017 30.0 21.3 32.6 30.3 30.3 34.5

6 .3540 .0019 50.9 35.1 51.8 50.9 50.3 56.7

7 1.0171 .0018 79.4 48.9 69.0 79.4 71.2 79.1

8 .0184 .0034 18.2 13.7 21.4 13.6 19.1 21.9

9 1.0171 .0036 102 70.1 94.8 114. 101 112

10 .0447 .0041 30.6 22.3 34.2 31.3 31.4 35.7

11 .0580 .0047 38.0 26.8 40.6 39.2 37.7 42.7

12 .0755 .0048 45.5 30.3 45.6 48.8 42.7 48.3

13 .1382 .0045 56.7 37.6 55.7 59.5 53.4 60.2

14 .0447 .0061 47.3 31.5 47.4 53.1 43.9 49.7

15 .0580 .0092 54.0 37.4 55.6 59.8 52.2 59.0

16 .0755 .0095 63.9 42.3 62.3 69.9 59.4 66.9

17 .1382 .0089 76.6 52.3 75.3 80.7 74.0 82.8

18 .0447 .0161 63.7 43.9 64.6 70.5 60.8 68.4

19 .0580 .0183 72.1 51.9 75.2 80.2 72.0 80.7

20 .0755 .0190 86.6 58.7 83.9 96.5 81.7 91.3

21 .1382 .0176 100 71.5 99.4 117. 101. 112.

22 .0447 .0322 78.9 60.5 86.4 99.5 83.1 92.8

23 .0580 .0364 90.4 70.8 99^ 108. 97.6 108

24 .0755 .0378 110. 79.5 110 125. 110. 122

25 .0382 .0352 131. 9C.0 128 153. 135 148

26 .0487 .0045 33.8 24.3 37.1 38.1 34.1 38.8

27 .0491 .00(9 48.1 34.3 51.4 55.3 47.8 54.1

28 .0496 .0179 69.7 48.2 70.4 79.2 66.7 74.9

29 .0500 .0359 93.0 66.4 93.9 109. 91.3 102

30 1.0658 .0102 153 113 141 181 164. 176

31 1.0632 .0198 190 144 172 226. 211 224

32 1.0605 .0389 220 178 204 273 263 275

33 1.0592 .0770 256 212 234 319 315 325
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1.0 I I I .

0.9 I\ l

0.8 Burch et al.
Calculation

I 1 l0.7

0.6

0.5

0.4

0.3

0.2

0.1 ,

01
600 620 640 660 680 700 723 740 760

Freauency (cm")

Sa)

Pressure = 624.67 mb
Tmp = 300 0 K
w = 3.14 atm cm

FIGURE 68. CALCULATED AND EXPERIMENTAL TRkNSMISSIVITIES
VS FREQUENCY FOR DIFFERENT PRESSUTLS AND OPTICAL MASSES.

(Reproduced from Young, 1964 1232].)
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1.0

0.9 I /

II I

0.7 \

0.6

Z'

E: 0.5
C

I.-
0.4

0.3

----- Burch et al.
0.2 - Calculation

0.1
0,

0 I I I , ; , I I I I III I I I
600 620 640 660 680 700 720 740 760

Frequency (cm-')

(b)
Pressure = 20.79 mb
"Tmp = 3000K '
w = 5.73 atm cm

FIGURE 68. CALCULATED AND EXPERIMENTAL TRANSMISSIVITIES
VS FREQUENCY FOR DIFFEnENT PRESSURES AND OPTICAL MASSES.

(Reproduced from Young, 1964 [2321.) (Continued)
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.esm0.9

Teprre=Burch et al.S0.8 Calculation

0 .7 1 I , I , ! , I • t , I .
600 620 640 660 680 700 720 740

Frequency fcm-')

Pressure = 0.52 mb
Temperature = 3001K

w = 0.53 atm cm

FIGURE 68. CALCULATED AND EXPERIMENTAL TRANSMISSIVITIES
VS FREQUENCY FOR DIFFERENT PRESSURES AND OPTICAL MASSES.

(Reproduced from Young, 1964 [232) .) (Concluded)
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underestimate the tranamittance of the Q-branches because the lines are grouped closely and

are neither uniformly nor randomly distributed over the averaging interval. Also, the lines

are more-or-less evenly sraced, a fact which tends to underestimate the transmittance from

the contribution due to the wings of the lines outside of the averaging interval. The latter

effect, being dependent on pressure, tends to diminish with decreasing pressure.

Haurwitz (1972) calculated transmittances and infrared radiative fluxes in the following

spectral regions using the quasi-random model:

1120 (pure rotation band and 6.3 Am band) - using line-parameter data from Benedict

and Calfee (1967) and Benedict and Kaplan [see, e.g., Goody (19t;4), p. 1841. The calculations

were made for 200 and 300 K. The subintervals, chosen for the calculation were: 0-220, 220-
-1

440, 440-800, 800-1250, 1250-1420, 1420-1590, 1590-1845, 1845-2100, and 2100-2450 cm .

CO 2 (15 gm band) - using the line parameter data of Drayson (see, e.g., Drayson, 1967).

The band was divided Into 6 subintervals. Because of its density of lines, the Q-branch was

isolated and treated separately.

Haurwitz has evaluated each half of the integral

r1~1 P2' F2 t221 C 2k210 1/ exp 2+

using Simpson's rule,

Jf"x<dx,, f(a) + 41(b,+a) + f(b)J

[Note that he considers the transmittance at the center of the interval to represent
the average value over the interval.]

Each half is again divided and the resulting integrals evaluated as before. This procedure is

repeated until the sum of the two new integrals differs by less than 10-6 from the value of

the preceding integral. Haurwitz claims that the procedure assures him an accuracy of four

significant figures. Since this a time consuming process, he evaluates the integral for a fix,-d

number of values of 4, and p within the range of his calculation. He calculates intermediate

values, corresponding to parameters expected in a real situation, using the interpolation pro-

cedure of Wyatt, et al. (1962) described above. Incidentally, a check of the interpolation pro-

cedure with value3 calculated by quadrature allegedly demonstrated the realization of a pos-

sible accuracy of four figures using the interpolation technique.

A comparison of Haurwitz's results with the results of 'lurch, et al. (1962) for the 6.3 j m

band of H20 vapor is shown in Table 41. In the table are shown the percentage differences

between theoretical and experimental results for a variety of (Curtis-Godson) pressures and
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absorber amounts. For the 15 gm CO 2 band, using line parameter data obtL.ned from

Drayson and Young, a comparison was made with the exparimental data of Burch, et al. (1962).

Table 42 shows the percentage difiercnces for the total absorption in the band, and for the

fractional absorption in three bands, respectively: 545-617 cm-J, 617 -667 cm" 1, and 667-
-1

720 cm

An interesting result from Haurwitz's research, in which he caleulates atmospheric cool-

ing rates from H20, CO2 , and 03, is shown in Table 43. T-. purpose of this table tr to show

the contributions from various subintervals to the H20 cooling rate, from Haurwitz's r-icula-

tion using the quasi-randorn model.

Plass [236] used tLe method of interpolation to calculate the spectral transmission over

the slant paths from initial altitudes of 15, 25, 30, ard 50 km to the outer limlt of the atmo-

sphere. Results are presented in tle form of tables for paths from the vertical to the hori-

zontal in 50 steps. Values are give., for CO 2 from 500 to 10,000 cm- 1 and for H20 from 1000

to 10,000 cm- 1 for both a "dry" stratosphere and a "wet" stratosphere.

Plass assumed that CO2 was uniformly mixed throughout the atmosphere at 0.033% by

volume. H20 distributions were based on the work of Gutnick [237], [238]. For the "dry"

stratosphere H2 0 was assumed to be constant at 0.045 gm/kg air. For the "wet" stratosphere

the values used are given in Table 44.

7.3 OTHER PUBLISHED SINGLE-MODEL, COMPUTATIONS

7.3.1 METHOD OF G. DANIELS

Daniels (1974) makes straightforward use of the statistical model in a quasi-random for-

mat with a uniform distribution of strengths for which the transmittance can be written:

vr(w, P, T) = exp {2 .f 2aL(P)(L) (310)

where aL = Lrentz line half-width in cm"1

-1
d = average line spacing within Av in cm

S(T) = line strength in (atm-cm2 )1
w = absorber amount

L(x) = Ladenberg-Reiche function (see Section 5)

236. G. N. Plass, Infrared Transmisslon Studies, Vol. V - Transmittance Tables for Slant
Path In the Stratosphere, Report No. SSD-TDR-62-127, Ford Motor Company, 1963.

237. MIt. Gutnick, "How Dry is the Sky?," J. Geophys. Res., Vol. 66, 1961, pp. 286-287.

238. M. Gutnick, "Mean Atmospheric Moisture Profiles to 31 km for Middle Latitides,"
Appl. Opt., Vol. 1, 1962, p. 670.
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TABLE 41. PERCENTAGE DIFFERENCES BETWEEN THEORETICAL
AND EXPERIMENTAL TOTAL ABSORPTIONS FOR 'HE 6.3 Aim WATER
VAPOR BAND RELATIVE TO THE EXPERIMENTAL -ALUES. (A neg-
ative value indicates that the theoretical value is larger.) (From Haurwitz,

1972 [14] .)

Mass Path Curtis-Godson Pres3ure (mb)

(gm/cm2 ) 133 330 1013

0.002 -30.8 -11.3 -1.8

0.004 -5.8 -1.3 7.2

0.010 9.4 6.5 4.8

0.020 8.2 7.3 0.0

0.040 9.0 5.3 -2.6

0.100 1.1 -6.6 -6.5

0.200 -3.7 -7.8 -1[,5

0.400 -6.0 -9.3 -7.5

0.800 -4.0 -5.7 -8.4

0.999 -4.2 -2.8 -5.3

TABLE 42. PERCENTAGE DIFFERENCES BETWEEN THEGRETICAL
AND ZXPERIMENTAL VALUES OF FRACTIONAL AND TOT4 L AB-
SORPTIONS FOR THE 15 Am CARBON DIOXIDE TkND RELkTIVE TO
EXPERIMENTAL VALUES. (A negative values indicates that the tricoret-

ical value is larger.) (From Haurwitz, 1972 [ 141.)

Mass Total Absorption- Fractional Absorption
Path Pressure Percentage Percentage Dif! erences

gm/cm2  mb Differences 545-617 cm" 1 617-667 cm- 1 667-79.0 cm- 1

0.046 1016 -7.1 13.9 1.0 -4.5

0.091 405 -8.5 1.0 1.6 -3.9

0.091 1019 -6.4 12.9 -2.5 -4.0

0.190 411 -5.5 3.2 -1.0 -1.3

0.190 1024 -4.7 0.7 -1.1 -0.1

0.234 439 -5.8 3.0 -2.4 -1.2

0.379 292 -2.7 0.3 0.c -0.9

0.379 3 -2.9 -1.1 -0.6 -1.0

0.379 1007 -2.3 -2.4 0.0 0.0

0.383 700 -3.3 4.3 -0.3 0.0
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TABLE 43. PERCENTAGE CONTRIBTjTIONS TO THE OVERALL WATER
VAPOIR COOLING RATES FROM EACH OF THE NINE SUBINTERVALS.

(From ']aurwitz, 1972 [1 4] .)

SSubinterval
(cml1)

Pressure 0- 220- 440- 80O- 1250- 1420- 1520- 1845- 2100-
(mb) 220 440 80G 1250 1420 1590 1845 2100 2450

95C 0.0 0.0 77.0 15.1 4.9 0.2 0.2 2.5 0.2

884 0.0 0.0 74.7 19.0 4.6 0.0 0.1 1.5 0.1

817 0.0 0.2 82.5 8.i 6.8 0.1 0.2 1.6 0.1

750 0.0 0.2 79.4 10.3 8.2 0.1 0.3 1.5 0.1

684 0.0 1.5 74.4 11.1 9.5 0.8 1.1 1.3 0.5

617 0.0 12.1 71.0 1.O 8.9 1.7 1.P 0.8 0.0

550 0.3 23.L 55.0 6.0 8.1 3.2 2.8 0.6 0.0

484 2.7 44.7 37.2 4.5 4.3 3.,a 2.5 0.3 0.0

417 7.2 56.1 29.3 0.7 2.5 3.3 2.1 0.0 0.0

50 13.2 66.0 15.9 2.9 0.4 1 5 0.1 0.1 0.0

284 22.6 62.5 9.9 I.G 1.1 1.4 0.6 0.0 0.0
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TABLE 44. MIXCING RATIO FOR "WET"
STRATOSPHERE MODEL

Altitude Mixing Ratio
(kill) (gin H 20 per kg air)

15 0.0090
16 0.0095

17 0.0105
18 0.012
19 0.015

20 0.018
21 0.022

22 0.027
23 0.033
24 0.040
25 0.048

26 0.058 I
27 0.069
28 0.087
29 0.11

30 0.13 ~
31 0.16
32 0.18
33 and above 0.20

A
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The comput.tion is formalized in a computer program called AIJICAP which unfortunately

is not available in the literature. The calculations involve the use of the AFCrL line-

parameter compilation and a set of gas profilez which are demonstrated in Figure 69.

Danie.j increments his interval in AX according to line strength value, and his spheri-

cally symmetric atmosphere into layers (see Section 7.4) without regard to relractive index

changes. The increments were defined according to the formula X/Ax = 100, which gives a

wavelength resolution of 0.1 Am at 10 Am. Calculations were made for the range 8 to 25 Am.

The groupings of line strengths were made in such a way that, starting with the strongest

line, the intensities in any group were within a factor of 3. Thus, if SO is the strength of the

strongest line, the subsets of each increment contained lines such that S / 3 n < S , S0 / 3 n- 1

where N(=I, 2, 3, . .. ) is the number of the subset. In a quasi-random fashion the strength

in each subset can be averaged, the result b,?Ing used as the constant line strength applied in

the statistical model with uniform distribution of line strength (Eq. 310). The resultant trans-

mittance is multiplied with the values obtained using Eq. (310) with the other subsets, to ob-

tain the total transmittance.

First, however, the Curtis-Godson approximation (see Section 5) must be applied to the

absorber amount and the line half-width. After this is done, these quantities can be appropri-

ately applied in the model (Eq. 310) for a homogeneous path. For this purpose, the average

line strength in the subset, k, is obtained from:

Sil, T 0 )

Sl-(T.) = (311) I'Aj V m

where I pertains to the i-th gas constituent, and the summation is over the m lines in the sub-

set. Since the line strengths are compiled for a single convenient temperature, T0 , the values

SjT- must be determined from the calculation of line strength averages at TO so that:

TT- = 7 0 exp kTk (T _ T0) (312)

where n = I for CO 2 and N2 C, and n = 3/2 for 03, H20 and CH4 . Daniels did not account for

the temperature dependence of HNO3 because data were not available. He estimated the aver-

age value E1TT---),, the average ground state energy, from:

/
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FIGURE 69. DENSITY PROFILES OF ATMOSPHERIC CONSTITUENTS
FOR MODEL ATMOSPHERE USED IN CALCULATIONS. Note scale
differeace for H20. (Adapted from Daniels, 1974 [181.)
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2 Sijk(TO)Eijk

w-' k ESIpT) (313)

k

where again the summation is over the m values of the lines in the subset. The Curtis-Godbon

effective absorber amount was then obtained from:

R R-

w1 1(CG) = j- z p (z) dz (314)

f 0Ii 0

where TI is taken as a mean, representative temperature for the path; in this case, 223 K or

-50 0 C. The integration B, as usual, performed numerically by dividing the atmosphere in

I km distant shells. The path is taken from some z0 to R, which is a height above which at-

mospheric densities are negligible for the calculations, taken as 47 km by Daniels (1970).

The Curtis-Godson half-width, in the format designed from the averages calculated above,

then has the special form (note that this and all previous calculations are for a particular fre-

quency, centered in the spectral region over which the averages are taken):
Z IS,. T)-• 1P N T \1/2

ij z z 0ds..
V. (POT TO) L) P(z) d dz,

*,Ij(CG) = w ij(CG)

+ R a(z)p(z)L6 dz (315)

The Integration is split into two paths, z0 to zl, and zI to R (the upper limit), the first being

the region in which pressure broadening dominates, the second where Doppler broadening

%see Eq. (316) below) is the chief broadening mechanism. Daniel's approximation to the

Doppler shape is to freeze the Lorentz profile at zI with respect to pressure and then from

zI to R allow the hall-width to vary at T1/2 similar to the Doppler line. Thus, in Eq. (315)

we have:

/T \1/2a D1 (z) -= a L l(Z) = a LI(i)(Zfl)-,] 1316)

where the subscript I is a count of the atmospheric layer used in the sum-. atlon whieh ap- ..

proximates the actual integration In Eq. (316).
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The altitude at which this transition was chosen was obtained by letting (for a given gas

constituent):

aL(zl) =---D(Tz) (317)

The relative shapes of the true Doppler a.d the approximate profile using Eq. (317) are shown

in Figure 70. Daniels made a compart, or of the transmittances obtained in the Doppler re-

gion for CH 4 with experimental results, using the true Lorentz shape, the frozen Lorentz

shape with aL = aLO and the frozen Lorentz shape using aL = aL/l•'.The results are shown

in Figure 71. An empirical match of the parameters for the various constituents in the spec-

tral region between 8 and 25 gm results in the tabulation of Table 45, giving the initial freez-

ing altitudes.

7.3.2 METHOD OF H. T. JACKSON (see also Section 5, and Goldman and Kyle (1968))

In an attempt to calculate the emissivity of hot CO2 in the 4.3 •m region, covering the

frequency band irom 2C50 to 2400 cm 1 , Jackson [239] has applied the exponential-tailed S 1

(Malkmus, 1967,' line intensity distribution to the statistical model to satisfy a range of gas

temperatures from 300 to 2100 K. (Note that the attempt here is not to present results on

models of high-temperature radiation; Jackson's method is one representation of a specific

model.) A mathematical representation of the transmittance calculated with the exponential-*i

tailed S distribution is given as:

7-= exp - (PoPe/nf{[1 + 2,-P] 1/2- 1J) (318)

where, as usual, P = P + (B - 1)p
e

00

Sw
21aL

-- PLW = P

Pe
L = path length in cm

p = partial pressure of the absorber

Since Jackson wishes to compute c = I - T, the appropriate subtruction must be made. In

addition, he makes the approximation P,, = P, the total pressure, disregarding the small
*Compare with Expression 12, Table 20.

239. H. T. Jackson Jr., A Model for the Spectral Emlssivity of Carbon Dioxide in the 4.3-

Micron Band, Rept. No. RE-TR-69-6, U.S. Army Missile Command, 1989.
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Data:

C:lculations:

X X: a=aL= aL(Po)( P)

00: a= I D

a-j oDI

00: a=07

100

5.5 atm-cm

4.1 mm Hg O

. .. I I
9.0 8.5 8.0 7.5

WAVELENGTH (pm)

FIGURE 71. METHANE TRANSMITTANCE IN 7.7 gm BAND AT A !-PESSURE
WHERE DOPPLER BROADENING DOMINATES LINE SHAPE. (Adapted

from Daniels, 1974 [ 181.)
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TABLE 45. REFERENCE HALF-WIDTHS (223 K, 760 MM HG)
AND LINE SHAPE FREEZING ALTITUDES, z 1 . (From Danicls,

1973 [17J.)

Wavelength of Band Reference
Constituent Band Center Number Hall-widths I_

H20 6.3 Mm 1 0.08 cm-i 26 km

10 Jim 21 0.08 cu-l 31 km

20 Am 3t 0.08 cm- 1  35 km

C02 10 Am 1 0.07 cm"1  35 km

15 Mm 2 0.07 cm"1 35 km

03 9.6 A m 1 0.11 cm- 1  36 km

14 Am 2 0.98 cm- 1  38 km

N20 8Mm 1 0.1 cm" 1  35km

17 Am 2 0.1 cm" 1  '8 km

CH4  7.7 Mm 1 0.06 cm- 1  29 km

HNO 3  Not needed or available*

*Laboratory and atmospheric transmission data indicate that the
atmospheric transmission of LN0 3 is always in the "weak-line"
region where the transmission is independent of pressure and
so the half-width i•s not of ,toivrn.

tThe water vapor rotation lines are distributed from 10 Aim to
the microwave region. For these calculations artifical band
centers were taken at 10 and 20 Mm.
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self-broadening correction. He then derives a procedure for the linearization of Eq. (318) for

fitting to the line parameter data of Stull, et al. (1963), derived from the data in the quasi-

random model (see Section 5) that were averaged over intervals 20 cm"1 wide. Thus, by tak-

ing the natural logarithms of both sides of Eq. (318) and rearr2,Vgng, there results:

1 n( ) q (319)

(for a pressure of 1 atm), which canbe fitted to aplotof In (l/r) versus w/fn (1/r),where the

intercept of the straight line is (S/d)-1 and the slope is (S / 2/d)Y'4aL. Mathematically the

solution results from a least squares fit of empirical data, in this case the data of Stull, et al.

(1963), from which:

n

n=1 4aL(S /d) {=1 (

and

(w) d In T + I/ 2  2 n r (321)Wd 4aLI(S 2/d) i= I-

[Note: for n values of the variables, xI and yi, the differences at any point x1 between the

chosen line and the point yi is Y1 - (axI + b). Minimization of the sums of the squares of these

differences yields

n

1][yi - (Ax + b)] 0

and

n

T-xjy[ - (axi + b%] = 0. End of Note.]

The solution of these simultaneous ec'iations yields the parameters S/d and $1/2/d, which are

sought for incorporation into the band model represented by Eq. (318).

Although Jackson's derivation pertains to the transmittance (actually enissivity) of CO 2

at 4.3 jirn for a variety of gas tempev'atures, the only temperature of importance to this re-

port is the lower one at 300 K. Howeve., to show the effect of temperature on tie various

parameters used in the statistical model to calculate transmittance (emissivity), the values

obtained by Jackson are reproduced here. Figure 72 shows the variation of the parameter
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102
1O~ f

101 9 N -

1150

--

2400 2350 2300 2250 2200 2\50 2100 2050

WAVE NUMBER (CM*)

FIGURE 72. S/d VERSUS WAVE NUMBER WITH TEMPERATURE
AS A PARAMETER. (reproduced from Jackson, 1969 [239].)
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S/d as a function of frequency for different values of temperature. Figure 73 is a plot of the

same parameter as a function of t.emperature for different values of frequency. Recall that

S/d and S 1/2/d were obtaired at 300 K from a fit of the data of Stull, et al. (1963). The reader

is referred to the original report (Jackson, 1969) for the source of data at higher temperatures.

The parameter S1/2 /d is shown plotted in Figure 74 as a function of frequency for differ-

ent valies zf temperature, while the same paremeter is plotted !-n Figure 75 as a function of

temperature for different valuet of frequency. Tables 46 and 47 give the same parameters in

tabular form.

7.4 AGGREGATE METHOD

The Aggregate Method was formulated and extensively used at the Environmental Research

Institute of Michigan (ERIM) and published through support of the Aerospace Corporation by

one of the authors of the model. It was originally assembled by D. Anding, who recently

cooperated in publishing the program (Hamilton, Rowe and Anding, 1973), and by H. Rose and

J. Walker. It was formulated as the result of a compilation of models which were reviewed

in the original State-of-the-Art report (Anding, 1967) on the calculation of atnospheric effects.

This method, and the LOWATRAN 2 method (Selby and ,AcClatchey, 1972; see following section)

are perhaps the most widely disseminated of all the programs for calculating absorptive at-

mospheric eFfects from band models. After the original State-of-thie-Art was completed, the

Aggregate atmospheric transmittance calculation method was formulated to organize into a

single program the best traits of the numerous models that were in existance at that time. It

has been gradually up-graded as new data appears and modified to calculate atmospheric ra-

diance as well as transmittance, and to include scattering.

Calculations by the Aggregate method can be madc from 1.05 to 30 Jim at irregular spec-

tral resolution from 0.01 jim at ihe short wavelengths to 0.44 Jim at the long wavelengths,

suited to the resoYhtion of the experimental data used to calculate the line parameters. In the

computer code for calculating transrittance and radiance, the atmosphere is divided into a

(variable) number of spherical shells through which the path is taken unrefracted. See the

Appendix for a consideration of refractior. The transmittance in the path is considered as

the product of the transmittances due to the effects in the following list (from Hamilton, Rowe

and Anding, 1973Y.

Transmittance through the gaseous constituents of the atmosphere, with

" -H20 = transmittance of water vapor in which the molecular line structure is adaptable
to a band model

" H20 continuum - transmittance of water vapor in the c )ntinuum region
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FIGURE 73. S/d VERSUS TEMPERATURE 'WITHI WAVE NUMBER
AS A PARAMETER. (Reproduccd frcni Jackson, 1969 )'239].
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FIGURE 74. S 1 / 2 /d VERSUS WAVE NUMBER WITH TEMPERATURE
AS A PARAMETER. (Reproduced f rorm Jackson, 1969 f239".
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TAELE 46. THE SPECTRAL BAND PARAMETER S/d AS A FUNCTION OF TEMPZRATURE.
(From Jackson, 1969 [239 .

WAVE TEMPERATURE
NUMBER (DEGREES KELVIN)
f1/CM) 300. 600. 900. 1200. 15000 1800. 2100.

2050. 2.60E-03 4.80E-04 3940E-04 4.10E-04 8e20E-04 5.70E-03 2.60E-02
2055. 4e8oE-03 7*OOE-04 4e50E-04 5.20E-04 1*08E-03 7*20E-03 3eOOE-02
2060. 6901E-03 1*03E-03 5,72E-04 6*37E-04 1*37E-03 9*08E-03 3*56E-02
2065e 1.40E-02 1*51E-03 7.53E-04 8*23E-04 1*77E-03 1*14E-02 4o12E-02
2070o 1*B1E-02 1089[-03 9.57E-04 1*OGE-03 2.28E-03 1.42E-02 4*76E-02

2075. 2*O2E-0? 2#08E-03 1915E-03 1.34E-03 2o95E-03 1*75E-02 5,47E-02
2080, lo65P.-02 1*99E-03 1*30E-03 1*66E-03 3*81E-03 2ol3E-32 6*28E-02
2085o 1908E-02 1.79E-03 1.44E-03 2*04E-03 4.96E-03 2958E-02 7*21E-02
2090. 6.31E-C3 1.63E-03 1957E-03 2*54E'-03 6941E-C3 3e08E-02 8.30E-02
2095o 3*21E--03 1@52E-03 1.77E-03 2*81E-03 8*2ýIE-03 3*65E-02 9*51E-02

2100. 1*81E-03 1*47E-03 2*1OE-03 2o65E-03 1*06E-02 4.28E-02 lo08E-01
2105, 1*33E-03 1*41E-03 2o35E-03 2.30E-03 1.36E-02 5.O1E-02 I.24E-01
2110o 9955E-04 1*26E-03 2*32E-03 1,89E-03 lo73E-02 5*86E-02 1*41E-01
2L15. 6.95E-04 1*07E-03 2.08E-03 1*86E-03 2*21E-02 6o86E-02 1*60E-01
2120, 5o65E-04 8e82E-04 1*70E-03 2.46E-03 2e80E-02 8e05E-02 1.8lE-01

2125e 5o13E-04 7.36E-04 1*40E-03 3o52E-03 3*51E-02 9*61E-02 2,05E-01
2130e 4*88E-04 6o96E-04 1*3$E-03 4*98E-03 4*38E-02 1:15E;01 2.31E-01
2135. 4*80E-04 7.I1E-04 1*53E-03 6*91E-03 5.46E-02 1 371-01 2.61E-01
2140. 4&78E-04 7*30E-04 1973E-03 9*55E-03 6073C-02 lo63E-04 2995E-01
2145o 4o82E-04 7o52E-04 1.95E-03 1*31E-02 8*27E-0.2 1.92E-01 3*32E-01

2150. 0.*91E-04 7*81E-04 2.20E-03 1.82E-02 1.O1E-01 2&25E-01 3*73E-01
2155. 5905E-04 8#16E-04 2947E-03 2.52E-02 1*24E-O1 2962E-01 4918E-01
21609 5*22E-04 8.56E-04 2.76E-03 3*43E-02 1*53E-01 3.06E-01 Ae68E-01
2165. 5*47E-04 9*16E-04 3*25E-03 4*63E-02 1*88E-01 3*55E-O1 5 *22E-01
2170. 5*81E-04 1.01E-03 4e03E-03 6*16E-02 2e28E--0l 4.07E-01 5.80E-01

21759 6.26E-04 1#78E-03 5*68E-03 8.20E-02 2*76E-01 4*67E-01 6942E-01
2180* 6.95E-04 1*46E-03 8*82E-03 le09E-01 3*32E-01 5*36E-01 7olOE-01
2185. 7983E-04 1991E-03 1*40E-02 1*43E-01 3995E-01 6913E-01 7*82E-01
2190. 9*OlEt-04 2.60E-03 2*181-02 1.88E-01 4*70E-Ol 7*OCE-01 8*17E-01
2195. 1*06E-03 3991E-03 3*34E-02 2*46E-01 5.58E-01 7*93E-01 9*32E-01

2200. 1.28E-03 6927E-03 5*OOE-02 3.15F-Ol 6o561-01 8#93E-01 1*OOE-0O
2205. 1*69E-03 1*02E-02 7*20E-02 3*97E-01 7*67E-01 loOOE-00 1*08E-00
22109 2*45E-03 1.65E-02 1*OOE-01 4*92E-01 8*881'-01 1*11E-00 1,17E-00
2215e 4.2PE-03 2e74E-02 1.41E-01 6*O1E-O1 leOIE-A0 1*23E-00 1926E-00
2220e 7e95E-03 4954E-02 2*02E-01 7*28E-01 1.16E-00 1.35E-00 1.36E0Oo
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TABLE 46. THE SPECTRAL BAND 'PARANIETER S/d AS A FUNCTION OF TEMPERATIU1'Z
(From Jt ckson, 1969 [239 1.) (Concluded)

WAVE TEMPERATURE
NUMBER IDEGREES KELVIN)
(I/CMI 300. 600. 903* 1200. 1500. Moe~ 2100.

22?5. 1.60E-02 7.54E-02 2*79E-01 8*76E-O1 1.31E-00 1.48[-00 1.45E-00
2230. 3.elIOE-02 1.?2E-0l 3.67E-01 1.04E-00 1*48E-00 1.61E-00 1*55E-O0
223'5. 5*71E-02 1.85E-01 4.73E-01 1.24E-00 1.651-00 1,74E-00 1964E-00
2240. 9*84E-02 2.66E-01 C.05E-Cl 1.4bE-0O 1.84E-D0 l.86E-0O 1.72E-00
2245. 1*56E-01 3*65E-0l 7.70E-01 1*71E-0'0 2*031-00 1.99E--00 1.80E-00

2250. 2,32E-01 4*86E-01 9*75E-01 1.98E-00 2*221-00 2.lIE-00 1.87E-00
2255. 3.1SE-01 6*30k-01 1.ZZE-00 2.28E-00 2.'.2E-00 2.22E-00 1*93E-00
2260. 3.93E-01 7.'98E-01 lo53E.-00 2.6OE-C0 2*61E-O0 2.32E-CO 1.9bE-00
2265s 4o63E-01 loOOE-00 1.00C-00 2.93E-00 2.79C-00 2941E-00 2.03E-00
2270. 5*21E-C1 1.26E-00 2,16E-00 3.27E-00 2.96E-00 2o49E-00 2.06E-00

2275. 6917E-01 1.63E-00 2989E-00 3*61E-00 3.12C-00 2*55E-00 2o08E-00
2280o 7.99E-01 2o20E-00 3o5?F-,d 3.94E-00 3.26E-00 1.61E-00 2olOE-00
'285o 1.1?E-00 3-05E-00 4.251-00 4.25E-00 3,38E-00 2o65E-00 2.1lE-00
2290o 1.84E-00 4*32E-00 5.1OE-00 4o53E-00 3o48E-00 2o69E-00 2.12E-00
2295. 2o8qE-00 5983E-00 5.96E-00 4.76E-00 3*55E-00 2*70E-00 2*12E-00

2300o 4940E-00 7.42E-00 6*77E-00 4.95E-00 3*60E1-00 2e71E-00 2.I1E-00
2305. 6.36E-00 9olBE-00 7o44E-00 5*O7E-00 3*62E-00 2.7OE-00 2*l0C-00
2310. 8.72E-00 1*12E.01 7.90C-00 5.14[-CO 3.63E-00 2*69E-00 2*07E-00
2315. 1.llE+01 i.31E+01 8*16E-00 5.16E-00 3*62E-00 2967E-00 2*05E-OQ
23209 1*34E+0l 1946E+01 8*25E-00 5.141-00 3*60E-00 2*65E-QO Z.O1E-00

2325o 1*53E.01 1.51E+O1 8.18E-00 5*12E-00 3.59C-00 2#64E-00 1999E-00
2330o 1*67E+01 1*42E+01 7.97E-00 5.O8E-00 3.57E-00 Z.61E-00 & .95E-00
2335. 1.75E+01 1*27t.401 7*70E-00 5.08E-00 3o5bE-00 2*5?E-00 1*90E-00
2340. 1*76E+01 1*11E4O1 7 45E-00 5.10E-00 1*55E-00 2,53E-00 1.85E-00
2345. lo74E.01 1*03E+01 7.43E-CO 5*15E-00 3*52E-00 2*46E-00 1*76E-00

2350. 1073[+01 1*1LE.01 7.87E-00 5927E-00 3.501-00 2940E-00 1.69E-00
2355. 1.811+01 1*32E+01 8.85E-00 5.35E-00 3.43E-00 2*29E-00 1*59E-00
2360. 1.951+01 1956E+01 1.001+01 5.33E-00 3*281-0)0 2.12E-00 1.431-00
2365s 2.091+01 1.71E+01 1.01E+01 5.111-00 39051-00 1.94E-00 1*29E-00
2370. 2*11E+01 1980E401 9.501-00 4*90E-00 2.691-00 1.671-00 1.09E-00

2375. 1.82E+01 1.60E+01 7.83E-00 3.91E-00 2.281-00 1*411-00 8.501-01
2380. 1.01E+01 7.20E-00 6.001-00 3.071-00 1.77E-00 1&05E-00 6*5OE-01
2385. 1.19E-00 2.541-00 3*45E-00 2,19E-00 1*35E-00 8#02E-01 4*50E-01
2390. 2997E-01 9.971-01 1.701-00 1.201-00 7s8oE-01 4.801-01 3*001-01
2395. 9.75C-02 2.61C-01 3.62E-01 4.951-01 3981E-01 3.211-01 1.751-01

2400. 5*O1E-02 7*50E-02 1.001-01 1.501-01 1.501-01 1.30E-01 1.001-01
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TABLE 47. TIM SP12CTRAL BAND PARtAMýETER S(1/2)/d AS A FUNCTION OF T121- :FIZtAT~ITIE,.
(From -Jackson, 1909 [2391.)

WAVE TEMPERATURE
NUMBER (DEGREES KELVIN)
(1/CM) 300. 600. 900. 1200. 1500. 1800. 2100,.

2050. 4.60E-02 6.60E-02 1.33E-01 3o35E-01 7090E-01 2*90E-00 8.90E-00
2055. 4o90E-02 7.OOE-02 1.37E-01 3o52E-01 8o85E-Cl 3*20E:-00 9.39--00
2060. 5o25E-02 7#50E-02 1*49E-01 3o76E-01 lo0OE-00 3e6OE-00 1.00E+01
2065. 5.68E-02 8.OOE-02 1*59E1-01 3.9?E-01 1*13E-00 4oOOE-00 lo07E+01
2070. 6.OOE-02 3*42E-02 1*68E-01 4.LOL-01 1.28E-00 4*40E-00 lol3E+0i

2073o 6.31E-02 .8o1E-02 1.76E-01 4.31E-01 1.,45E-00 4.8lE-00 1.19E+01
2080. 6.67E-02 9,25E-02 1.84E-01 4.56E-01 1.63E-00 5.23E-00 1.25C+Q1
2085. 7*06E-02 loOIE-01 2o06E-01 4.~1E-01 1.84E-00 5.66E-00 1.3"C+01
2090, 7.42E-02 1.19E-01 2.56E-01 5o.09E-01 2.06E-00 6ol0E-00 1.37E+01
2095e 7o7lE-02 1.42E-01 ?.23E-01 5.47E-01 2.30E-00 6#55E-00 1-1:2C+01

2100. 7.89E-o2 1.67E-01 ?.95E-01 6.OOE-01 2*54E-00 7eOOE-00 1*47E401
2105. 8Oe1E-02 1#87E-01 4,56E-nl1 6*71E-01 2*78E-00 7e45E-00 1*52E+01
2110. 8913E-02 2*OIE-CI 5.00E-01 7o60E-01 3.04E-00 7.90E-00 1*57C+01
2115, 8*25E-02 2*IOE-01 5.29E-01 8e62E-nl 3*30E-00 8*33E-00 1*621+01
2120. d.40E-o2 2.19E-01 5*56E-01 9*73E-01 3*59E-00 8*76E-00 1.66E4O1

2125. 8.54E-02 2.27E-01 ý'.86E-01 1.09E-00 3o89E-00 9.18E-00 1.70E+01
2130. 8*68E-02 2.35E-01 6.12E-01 1.24E-00 4.19E-00 9.60E-00 1.75E+01
2135. S.82L-02 2.'.3E-01 6o38E-01 1.41E-00 4.50E-00 1.OOE+Ol 1.78E+01
2140. 3.97E-02 2*50E-01 6*66E-01 1.60E-00 4*85E-00 leO4E+01 1#821+01
2145, 9*12E-02 2o58E-01 6099E-01 1,80E-~00 5o22E-00 1.08E+01 1*86E+01

2150. 9*23E-02 2o66E-01 7*40E-01 2,01E-00 5*63E-00 1.12E401 1.90E+01
2155. 9*44E-02 2o77E-01 7e96E-01 2*25E-00 6.OOE-00 1*16E401 1.91-E+01
21600. 9eOE-02 2,95oE-01 8.77E-01 2e5lE-00 6.48E-00 1.20E+01 1.98iE+01
2165. 9*74E-02 3*21E-01 9*81E-01 2*81E-00 6.91E-00 l.25Ef01 2.OIE+01
2170. 9*87E-02 3o55E-01 1.11E-00 3el5E-00 7.35E-06 1*30E+01 2.03L+01

2175. 1.0tOE-ol 3.90E-01 1.25E-00 3.51E-00 7.80E-00 1.34E+01 2.04E+01
2180. 1*021-01 4.22[-01 1.40E-00 3*91E-00 8*26E-00 1*39E+01 2.05E+01
2105. 1.OSE-01 4.54.E-01 1.55E-00 4.35E-00 8.75E-00 1*43E+01 2*053E+01l
2190. 1*12E-01 4.90E-01 1.72E-00 4o8lE-00 9.27E-CO 1#47E+01 2.06E+01
2195o 1*20E-01 5*31E-01 1,90E-00 5*30E-00 9*36E-00 1*51El+01 2.CSE+J1

2200. 1.29E-01 5-BIE-01 2.10E-00 5.81E-00 1.05E+01 1*56E401 2-10E+01
2205. 1.40E-01 6*37E-01 2.31E-0~0 6.35E-00 1.12E+01 1*60E+01 2*13E+01
2210. 1#52E-01 6o97E-01 2.54E-00 6.90E-00 1.19E+01 1#64E+01 2*17E+01
2215. 1.67E-01 7,64E-01 2.77E-00 7.46E-00 1.26E+01 1*68E+fl1 2.21E+01
2223. 1*87E-01 8o4OE-01 3*02E-00 e.02E-00 1.33E+01 1#72Ei+01 2.25E*01
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TABLE 47. THE SPECTRAL BAND PARAMS!TER S(1/2)/d AS A FUNC77ON OF TEMPERATURE.
(From Jackson, 1969 [239].) (Concluded)

WAVCi T EMPER ATUR E
NUMeER (DEGREES KELVIN)
(1/CMI 300. 600. 900. 1200. 1500. 1600. 2100.

2225. 2*17E-01 9940OE-01 3*31E-00 8.57E-00 1.'.OE+01 1977C..01 Z.30E+01
2230. 2*65E-01 1.08E-00 3e65E-00 9.12E-00 1.45E+01 1*81E*01 2e35E+01
2235. 3.34F-01 19.16E-00 4903E-00 9.66E-00 1.50E+01 1#86E~+01 2*39E+01
2240. 4*31E-01 1.48E-00 4.43E-00 1.01E+01 1*55E+01 1#89E+01 2e4lEi01
2245. 5*51E-01 lo75E-00 49.84E-00 1*06E+01 1.58E.01 1*90E+01 2.38E+01

2250. 6o93E-01 2*04E-0045.25E-00 1*11E+01 1*59E.01 1*89E*01 2*33E+01
2255. 5.50E-01 2.34E-00 5o63E-00 1.15E+01 1.60E+01 l.87E+01 2.26E+01
2260. 1*O1E-00 2*65E-00 5.99E-00 lo18E+01 1.59E+01 1*85E+01 2*17E+01
2265. 1*19E-00 2o93E-00 6*29E-00 1*21E+01 1958E+01 1*82E+01 Z.O7Et0l
2270. *38E-00 3*20E-'00 6.55E-00 1.24E+01 1.57E+01 I.78E+01 1.96E+01

2275. 1*58E-00 3.46E-00 6o79E-00 1.26E+01 1*54E+01 1-72E+01 1.83E+01
2280o 1*81E-00 3*75E-00 7*06E-00 1.27E+01 1,52E+01 1.67Ee+01 1.74E+01
2285e 2*12E-00 4.0Q5E-00 7o39E-00 1.28E+01 1.50E+01 1-62E+01 1.65E+01
2290o 2957E-00 4.37E-00 7*80E-00 1.28E+01 1.48Ee01 1*58E4+01 lo59E+01
2295, 391RE-00 4*78E-00 8.30E-00 1.28E+01 1.45E+01 1.53E+01 1.53E+01

2300. 4*01E-0O 5*38E-00 8.90E-00 1*27Ei01 1*42E+01 lo47E+O1 1*45E+01
2305. 5*04E-00 6.22E-00 9*55E-00 1.25E+01 1.37E+01 1*42E.01 2*38E*01
2310. 6.26E-00 7.39E-O0 1*02E+01 1.23E+01 1.32E+01 1.34E+01 1.30E+01
2315o 7.67E-00 8971E-00 1*07E+01 1.20E+01 1.27E+02 1*28E+O1 1924E+01
2320. 9*31E-00 1.OOE+01 le12E+01 1.16E+01 1.22E+01 1.ZlEiUl 1.1SE+01

2325. 1.09E+01 1.1OE+01 1.14E+01 1.13E+01 1*16E+01 1.14E+01 1.08E+01
2330. 1.22E401 1.14E+01 1.12E+01 1.oBE+01 1.10E+01 1.07E+o1 1.OOE+01
2335. 1*34E+01 1.13E401 1*08E+01 1.03E+01 1.03E+01 9.86E-00 9.13E-00
2340. 1*44E+01 1*1OE+01 1.04E+01 9.85E-00 9.70E-00 9o22E-00 8.52E-00
2345o 1*53E+01 1*06E+01 9*90E-00 9e16E-00 8*88E-00 8.36E-00 7981E-00

2350e 1*59C+01 1*06E4-01 9.50C-00, 8*51E-00 8.15E-OO 7.61E-OO 7.22E-OO
2355. I.52E+01 9o45E-00 8.65E-00 7.77t-00 7.36E-00 6o85E-00 6#50E-00
2360. 1*30E+01 e*O1E+00 ?o60E-00 6*87E-00 6.33E-00 507?E-00 5o45E-00
2365. 1*03E.01 7*27E-00 7o6lE-00 .6ol5E-00 5.56E-00 5905E-00 4*66E-00
2370. 6*97E-0C 6*43E-O0 5#90E-00 5950E-00 4*58E-00 4*12E-0O 3o672-OC

2375. 4*45E-00 4995E-00 5@O1E-00 4.10E-00 3976E-00 3*36E-O0 2*97E-O0
2380. 2*65E-00 3*5OE-00 4*.IE-00 2.60E-00 2.30E-00 1e90E-00 1e60E-O0
2385. 1.51E-00 2.28E-00 3900E-00 2*05E-oO 1.70E-O0 1*?7E-O0 1*ISE-00
2390. 9*98E-01 1*40E+00 1*90E-00 1.40E-00 1*20E-00 1@OOE-00 9oOOE-01
2395. 6*25E-01 7*59E-01 1-20E-00 1.I09E-00 9.00E-01 8*65C-01 8&40E--01

.2400. 4*03E-01 5*51E-01 6*63E-01 8.0OE-01 8.OOE-01 8*1OE-01 8.OOE-01
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"CO2 = transmittance of carbon dioxide (CO(2)

O transmittance ol ozone (03)
3

" 4 = transmittance of methane (CiI4)
('4

T = transmittance of nitrous oxide (N2 0)

- - transmittance of nitric acij (HN03
hNO3

T-N = transmittance of nitrogen continuum

Transmittance through aerosols, with:

= transmittance through haze with absorption as the attenuating mechanism

T b = transmittance through haze with scattering as the attenuating mechanism.

The radiation transfer equation is set up in the following way in relation to the geometrical

configuration of the atmosphere as shown in Figure 76, with the observer, in this case, at the

earth's surface, the target (or source) at the n-th layer, and a cloud deck at the J-th layer;

with the spectral radiance give. by:

LX C o)L(() 5)(Tc)T 01c
a• = N•L(rs)rclA)rnlA; + C(;LT)'()

+•L•~~~(Tx['() - il(/-(;)

n

+ (A)_ L;(Ti)[-ri(\) T 00(•)•A'( (322)

i=j+l

where (with the subscripts s and c referring respectively to source and cloud):

LN(T) = Planck radiance at temperature, T

(M = spectral emissivity

T = temperature of the I-th shell,

Ti(A) = spectral transmittance of the atmosphere from the observer to the i-th sheU,

'(X) = spectral transmittance of the i-th shell as affected by scattering.

The scattering considered in Eq. (322) is only a single scattering of radiation out of the

line-of-sight between target and observer.
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FIGURE 78. SCHEMATIC OF OPTICAL PATH FOR TRANSMISSION AND
RADIANCE CALCULATIONS
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7.4.1 TYPES OF MODELS USED

Because the Aggregate-method extends its spectral coverago from approximately 1 to 30

pm, and since it has been found (Anding, 1967) that different mode-s are best suited for drffer-

ent spectral regions, the Aggregate method consis- s of a variety of models, with line param -

eters derived mainly empirically from a number of laboratory measurements. The models

used, their regions of validity, and the approximate spectral resolution of the line parameter

data are given in Table 48. Temp-rature dependence is usually ignored except in special

cases (.see, e.g., Section 7.4.1.2c). The exact forms of the equations describing the various

models used in the Aggregate method are given as follows.

7.4.1.1 H2 0 Vapor

(a) Strong-Line Goody Model (1 to 2 Am and 4.3 to 15 pim)

(; = exp [w*KK(A)I 1/2 (323)

wher /IP ) \fTo\/T; \0.5
rM(s)s = ds in pr cm (324)

K(O) = spectral coefficient, given in a set of tables, or stored in some storage device

P0 = density of air at standard temperature and pressure

M(s) = H20 vapor mixing ratio in gm H20 per gm dry air at s

P 0 = standard pressure = 760 mm Hg

To - standard temperature = 288.15 K

= temperature at which band model parameters are defined usually *T 0

R = total path length in cm

(b) Goody Model (2 to 4.3 pm and 15 to 30 pm)

• (A) = ,,xp I-wKI(,/[l + -wK2 (.)/P'1/ (325)

R= 0 P(s) T 0 ds in pr cm (326)

wher3 w= P0 oJM(s) P0 Ts 36

Pw -- 2 (327)

( (s (328)
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TABLE 48. SUMMARY OF BAND MODELS USED aN COMPUTER PROGRAIM.
(From Hamilton, et al., 1973 [19] .)

Approximate Coefficient
Spectral Region Jlnsolution Acquisition Source of

Gas (.am) (am) Model Procedure Data Ref.

H2 0 I to 2 0.1 Strong-Line Goody Empirical F't to Howard, etal., [1.40]
Lab Data (1955)

2 to 4.3 0.05 Goody Empirical Fit to Burch, et al., [234]
Lab Data (1962)

4.3 to 15 0.5 Strong-Line Goody Empirical Fit to Howard, e. al., [2'0]
Lab Data (1955)

6.68 tc 14.95 0.5 H2 0 Continuum Empirical Fit to Burch (1970) and 1891
Lab Data BigneJ (1970) [2411

15 to 30 1.0 Goody Direct from Line Mclatchey, et [138]

Parameters al. (1973)

CO 1.37 to 2.64 0.2 Tabular Data from Empirical Fit to Howard, etal., [2491
St'ong-Line Elsasser Lab Data (1955)

2.64 to 2.88 0.01 Classical Elsasser Empirical Fit to Burch, et al., [234]
Lab Data (1962)

4.184 to 4.454 0.02 Classical Elsasser Empirical Fit to Bradford, etal., [2421
Lab Data (1963)

4.465 to 5.3551 0.5 Tabular Data from Empirical Fit to Howard, et al., [240]
9.13 to 11.67 Strong-Line Elsasser Lab Data (1955)

11.67 to 19.92 0.10 Temperature Dependent Empirical Fit to Drayson and [142]
Classical Elsasser Line by Line Young (1967)

Spectra

$20 4.228 to 4.73 0.5 Strong-Line Elsasser Empiricx" ?it to Plyler and [ 243]

Lab Data Barker (1931)

7.53 to 8.91 0.5 Classical Elsasser Empirical Fit to Burch, et al., [ 234]
Lab Data (1962)

15.4 to 19.3 0.5 Goody Empiripal Fit to Burch, et al., f 2341
Lab Data (1962)

N2  3.76 to 4.83 0.5 N2 Continuum Irmpirical Fit Wo Burch, et al., [188]
Lab Data (1970)

0 9.399 to 10.!9 0.1 Modified Classical Empirical Fit to Walshaw (1957) [133]
Elsasser Lab Data

11.7 to 15.4 0.5 Goody Empircal Fit to McCaa and [134]
Lab Data Shaw (1964)

CH4  5.91 to 9.1 0.1 (',.tsical Elsasser Er,2pirical Fit to Burch, ct al., [134]
Lah Data (1962)

HNO3 5.8 to 5 944F la[
7.45 to 7.80 0.5 Goody Empirical Fit to Goldman, et [244)

10.9 to 11.67J Lab Data &l., (1971)

240. J. N. Howard, D. Burch arnd D. W.Uliams, Near-Infrared Transmission Through
Synthetic Atmospheres, Geophysics Research Paper No. 40, Report No. AFCRL-TR-55-
213, Ohio State Unlvernity, Columbus, 1955.

•41. K. Bigneil, "The Water Vapor Infrared Continuum," Q.zart. J. Roy. Met. S~zc., Vol. 96, '•

1970, pp. 390-403.
242. W. Y. Bradford, T. M. McCormick and J. A. Selby, Laboratory Representation of At-i mospheric Paths for lr~frared Absorv'tion, Report ?~o. DMP 1431, EM! Electrtonics,

Hayes, Middlesex, England, 1963.
243. Z. Flyler and E. Barker. 'Infrared Spectrum and Molecular Coafiguration of N20,"

Phys. Fey., Vol. 38, 1931, p. 1827.
244. A. Goldman, T. G. Kyle and F. S. Bonomo, "Statistical Band Model Pax-ameters and

Integ-ated Intensities for the 5. 9 p, 7.5g, and 11.3S1 Bands of HNO 3 Vapor," Appl. Opt.,
Vol. 10, No. 1, 1971, or. 65-73.
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K() spectral coefficient (=S/d)

K2 spectral coefficient (=S/27ra0)

00 Lorertz line half-width per unit pressure

(c) H20 Continuum (6.68 to 14.95 Am)

7-))exp - [(PIC I(A)[c 2(X/c1 (Xq (T-175)/125}I

+ p (X)[C (X)C (IM (T-175)/ 25})w (329)

where P = pressure of the non-absorbing gas in atmospheres

p = pressure of tthe absorbing gas

T = absolute temperature

CI (A) = spectral coefficient for foreign broadening at T = 175 K

C2(X) = spectral coefficient for foreign broadening at T = 300 K
C 3(X) = spectral cceffirient for self broadening at T 175 K

C4 (P) = spectral coefficient for self broadening at T = 300 K

w = (see above, Eq. 328)

The water vapor continuum equation was derived from the work of Bignell (1910), in

which two temperature-dependent coefficients are used, one corresponding to foreign-gas

b.oadening, and one corresponding to self-broadening. In accordarze with the work of Burch,

et al. (1970), Anding (private communication) devised an exponential interpolative scheme for

varying the coefficients with temperature In accordance with the two fixed, known values at

300 and 175 K. Hence, the equation (329). The value 175 K was chosen as representativ's of

the lower expected values of the tropopause.

7.4.1.2 CO 2

ka) Classical Elsasser Model (2.64 - 2. 8 8 Mm and 4.184 -4.454 Mm)

T(X) = I - sinh P I70 (y) exp (-y cosl. ) )dy (330)

where 0 KW(X)P

V=Po wl, Curtis-Godson equivalent broadening pressure (in mm Hg)
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= R P(s) T0 ds

w =PM'(s) ds (331)

with M'(s) = ratic of partial pressure of ab[,orber to total pressure

Ki()) = spectral coefficient (=2,ao0/d)

0
a LO = Lorentz line hali-width per unit pressure

y = 3X/sinh

iP= K2 (A)w/P [compare: ' = Sw/2raLJ

K2(X) = spectral coefficient (=S/27, 0 )

10 (y) = associated Bessel function of zero order, J 0 (iY)

Y = value of y at end cf path

(b) Strong-Line Elsasser Model (2.64 - 2.88 Am and 4.184 - 4.454 Mm)

Since this exact solution convergi slowly for largr values of x, the strong-line approx-

imation is used for 4 > 20:

= 1 - erf [0.50324')1/2] (332)

where

crf (4) = )exp _t2)dt

(c) Temperature-Dependent Classical Elsasser Model (11.67 - 19.92 Am)

The Aggregate method uses the classical Elsasser model for the 15 pm band of CO 2,

I.e., the spectral region extending from 11.79 to 19.92A pr. Transitions in this bind, however,

are highly temperature sensitive; therefore, In detorm!nlng the equivalent-path parameters

for the original version of the method, Anding and Rose developed a procedure for calculating

the equivalent temperature of a variable-temperature path for this spectral region. The tem-

perature determined oy this method is calculhted in the program from which transmittances

and radiances are calculated with the A-g-regate method.

The transmittance in a small spectral region, A,, can be written for the slant path as:

=r (A N exp SjLIP(s) ds -333)v ~ ~~(V - Vol) + aL•(33

S~ ~ f LLivo) +t
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For the equivalent homogeneous path:

,lv) f exp 2hLhihJ di (3342
I' ( " ~i).+ Lhý

where the subfcript h signifiec that the path is homogeneous. The density of the gas is

PS= OP(s) T 0

P0 Cms0

and the approximate line strength and width are respectively:

S(T) = S(T 0)(T 0/T)3/2 e2-p f k ;T " 1 (335)

and

a I, = a 1 (To/T)I/2(P/P 0 ) (336)

where E" = energy of the lower state

k = Boltzmann constant.

If the strong-line coaiditions are to be considered, then the line centers are completely ab-

sorbed, and only the wings i.e., (v - i) 2 >> »2 contribute to changes In transmittance. So,

if the exponents of Eqz. (333) and (334) are equated, making the proper substitutions, the re-

sult is:

i _N 1 I R P I T o ý3 f P ( s ) 2 e p - L ý T O 0 - T ( s I • d

3 2= JPOý Ph~ E"0  T 0-T s)=10 )(h exp- kd

exp - k~i o h (337)

1=1

Maintaining the ratios of the strengths for the homogeneous and non-homogeneous paths

either constant or monotonically chAnging, the two sides of Eq. (337) can be equated line fo:

line so thai the summation signs can be dropped. The result is solved for Th by an iterative

process.

It is evident from Eq. (337) that Th is a function of wavelength and that it would be neces-

sary to compute a homogeneous path for each wavelength of the band under conelder•a•tn.

For m.any amnpherc a•' lcatloi-n, however, it is possnble to eliminate this spectral
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depcndcnce. Referring to Eq. (335) and reca'ling that E" increases with s1)ect--a' .Sistan.n

from its fuidamental transition frequency, it can be deduced that, ne-r the ýtund ceater where

E" is small, the T0/T term dominates the expression for S. In the wings, E" ý.• large and the

exponential term becomes the primary factor. But the variability of S in t.,:/ •,I.ns Is

such that by computation, spectral equivalent temperatures, Th, vary by oid, a 'I or 4 K for a

path looking straight up th:ough the aimosphere. For practla- pa.-rposen, e~rors ef this mag-

nitude do not seriously limit the accuracy of the band mnodel ap,. therefore a weighted mean is

usped as a constant for the value of E".

Absorption calculations are made therefore using band model parameters derived at the

temperature of the single homogeneous path. A complete capability would then consict of an a

priori knowledge of the abcoorption coefficients as functions of wavelength and temperature.

For the Aggregate nmethod, in order to minimize the time and cost of carrying out the fit-

ting proaedu-e for many temperatures, two extremes in temperature were chosen (300 K

and 220 K) to perform the fit; and a temperature Interpolation schemne was dzvised to yield

the Pk- orption coeffi .ents for all intermediate temperatures.

The values of the coefficients were calculated from:

S A1 exp -(A 2 /T(.)d T1 " (338)
d T

h

and

2.LOS A3 exp -(A4 - Th) (330

d 2 Th

where A,, A 9 A3 and A4 are the spectral paramet-rs to be used for Eq. (330)

(d) Empirical Model (Using Tabular Data) (1.37 - 2.64 /pm, 4.465 to 5.355 pm and 9.13 to
11.67 /pmý

A simple empirical model la used in the Aggregate method for the spectral region be-

tween 4.465 and 5.355 Am. Altshuler [245] related the transmittance in his model to the ar-

gument w'K(X) so that

r= r.(w*K(X)) (340)

245. T. L. Altshulter, IJlrared Transmission and Background 11adlatlon by Cle.r Atmo-

spheres, No. 61SDID9, General Electric Co., 1961, 140 pp.
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,P(s)2T T;)5
where T Ml(s)]P=) ds (341)

R(A) = spectral coefficient

M'(s) = (see Eq. (331)).

The Altshiler model was adopted for the spectral region menticemd and the values of

K(X) anM w*K(X) are tabulated. The transmittance for any given condition is obtained by inter-

polaticn between tabulated vaiues.

7.4.1.30

(a) Goody Modei (11.7 to 15.4 pm)

In calculating the transmittance in the spectral region from 11.7 to 15.36 pm, the Aggre-

gate method uses the Goody model as specified b'-:

-(x) = exp {-wKI(X)/[1 + KI(,)w/4PK 2(1\)] 1/2J (342)

where KI(A), K2 (X) are spectral parameters. Ihe values w and Pare calculated as pre-

vlously shown.

(b) Modified Elsasser (9.398 to 10.19 Mrm)

For the spoctral region from 9.398 to 10.19 pm, the classical Elsasser model is used

with the parameter 03 iodified to:

where c(,\) - spectral parameter.

7.4.1.4 P N03

Goody Model (5.8 to 5.944 p m, 7.45 to 7.80 urr, and 10.9 to 11.67 pom)

As shoun in Table 48, the Goody model is used for nitric acid tn all spectral regions and

the equation defining its transmittance is given in Eq. (342), with the spectral parameters

specific to HNO3 . It will be noted that the form of Eq. (342) Is slightly different from that

given for It20 vapor In Eq. (325).

7.4.1.5 C1 4

Elpasser Model i•.Ai tj 9.1 gm)

As shown In Table 48, the cla.,tical Elsanser model, repeesentcd by Eqs. (330) and (331),

is used to calculate the transnittance of methane.
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7.4.1.6 N2

Cntinuum (3.76 to 4.83 gm)

The Aggregate method for transmittance in the N2 continuum region is adopted directly

from the work of Burch, et al. (1970) covering the spectrum from 3.76 to 4.83 gm, and is

given by:

,r%'.) = exp -[Ks( awa + Kf ()wf (1344)

where Ks(A) and Kf(?) are, respectively, the spectral 'coeffIcients for self-broadening and

foreign broadening; and wa and wf are described as:

S2.69J L- dr (345)

and

wf 2.69 f -r)PI-r)r dr (346)

J0 -0 .

given in the units (10 "21molecules-atri/cm 2). The P: and P; are, reEpectively, the effective
pressures for self-broadening and foreign gas broadening, and are givcn by:

ra= P N2(l + 0.00 1 PN2 1 0) (347)

and

P= 0 +0.001P0yPo) (348a)

with PN2 ad P02 rejpzctIvely, the partial pressures of nitrogen and oxygen.

7.4.1.7 N2 0

(a) Stro.ng-Line Flsasser Model (4.228 to 4.73 ;m)

In the npectral region from 4.228 to 4.73 Mm the strong-line rpproximation to the Elsasser

nv:dh! is used in the fo :m shown in the following equation:

T(A) I - erf [w*K(X)] 1/2 (348b)
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wnere K(X) = spectral coef~icient

/R , 2 0.5

*= 10 ?(s) P(s) 9o ds 
(34')

(b) Classical Elsa•-ser (7.53 to 8.91 tm)

In the spectral region from 7.533 to 8.909 jim, the classical Elsasser model is used, as

demorstraied in Eq. (330) and by the equaticn below Eq. (330) defining the equivalent amount

of absorber.

(c) Goody Model (-'D.4 to 19.3 Am)

For the spi-ctral region from 15.408 to 19.231 jm, the form of the Goody model repre-

sented by Eq. (342) is used and the cptical depth Is defined as in the case of 03 where this

equation is used.

"7.4.2 SCATTERING

In addition to gaseous absorption by atmospheric mo! i.ules, the Aggregate method (see

Hamilton, et al., 1973) accounts also for the single scattering of radiation from the observed

target out of the line-of-sight, caused by particles In the atmosphere. The model uses a

maritime haze distribution (see Section 10) In the equation:

-be(x().f

ext(A) =e ex (349)

representing extinction by particles, wherc b ext() is the wavelength dependent extinction

coefficient and I is the path length. The two parts of the extinction coefficient, ba(0) and

b ,(X), for the absorption and scattering, respectively, are accounted for in the following
0 3equations in terms of the particle radius, r, and size distribution per cm N(r):

bext(X) 0 Qer(, rtxOr 2N(r)dr (350)

and

bs(X) =f Qs(X, r),rr 2 N(r)dr (351)

wbere the efficiency factors Qext and Q are obtained from:

2 r
Qext(X, r) = •- _(2n + 1) Real {An[X, m(A)] + Bn[x, e(A)]} (35?'

n=1

and
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%(•, 2 r)- "•In ) nX, m()L)] 12 + 11 rnx, m(k), 12 1,3
Q8 0. r j(2n + 1)1II 2 1Anr (353)

where: x = 27rrA

m(X) = complex index of refraction of the scatterers

An, Bn = scattering parameters.

For a more detailed discussion of the scatt',ring phenomenon, the reader is relerred to

Section 2.

In the Aggregate method the total scattering in the path is accounted for by accumulating

the effect in the non-homogeiieous atmosphere over the various layers so that

="(X) exp f.-betQ()] Il exp {-[bextQAl 2 2 } x . .(.

.x exp {-[bext ) 1n n}354)

The Aggregate methods allows the pzrticle distribution to remain constant with altitude with

only the particle density varying. Since the extinction coefficient is norm&,itzed to the effect

by 1 particle/cm3, the transmittance is given by:

7ext() = exp b{xt()] D I

where D, = f0N(r)dr is the particle density in the I-th layer.

7.4.3 RECENT TECHNIQUES IN BAND PARAMETER CALCULATION SUGGL-TED
FOR THE AGGREGATE METHOD

7.4.3.1 Descrip(ion of the Technique

Rose [246] has suggested in an unpublished paper that, ia an attempt to retain the )im-

plicity and the low-cost advantage of tlhe band model for spectral regions where few good

laboratory data existed, s.nd at the sa' ik. time to make use of high resolution information re-

sulting from a line-by-line approach, an up-to-date concept in band modeling be evolved.

Indeed, Anding (1974) has begun to revise lines in the middle-to-long IR region by this tech-

nique in hib. newer version of the Aggregate method. The calculat!.,n approach differs from

the original in that the band model utilizer absorption coefficients derived from some of the

basic data generated in a line-by-line method.

24C. H. Rose, Private communication - Line Parameter rtermination of Band Model
Parameters, 1974.
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Rose prenented the details pertinent to the derivation of the model for the 15 gm band of

CO 2 using the Elsasser model. This spectral region was chosen for the initial work because

of the "conspicuous lack of good modeling procedures," and also because of the added em-

phasis of newer technology in the long wavelength infrared. The analysis indicatea the

model's worth and a discussion regarding its application to atmospheric slant paths.

In choosing the approach, Rose adopted Drayson's (1967) development of rigo-ous line-

L'y-line ',omputational capability in the 15 gm band. The spectra he obtained (see Figure 77)

rtau!ting from Drayson's technique compare very well to both laboratory homogeneous data

and to field measurement spectra obtained at high resolution (up to 0.1 cm- 1). It was con-

cluded, therefore, that a band-model calculation of the parameters 21aLo(X)/d and S(X)/d,

based upon spectra produced by thp Drav'son technique, coald be developed ' produce more

reliable spectra than from previous models.

The details involving the complete specification of the band model parameters, the so-

called "fitting" procedure, are docur,.ented elsewhere (see Section 5). Otherwise, Rose pre-

sented the following pertinent insights. First, it is considered essential that application of

the model be extended to absorber concentrations and pressures that are encompassed by the

data used to perform the fit. This precaution Insures that extrapolation of the original data

need not be made. Also, since it is desired to apply the model later to slant path calcula-

tions, (w, P) pairs were chosen for the initial synthesis of a'-ectra to represent a wide variety

of atmospheric paths and at the same time yield a full range of absorptance values for each

Av.

These requirements point out an important ad-antage in using "synthetic" rather than

laboratory data to perform the fi-. Certain extreme pith conditions are difficult 'i not im-

possible to achieve in the laboratory, whereas the rigorous method is not limited to as great

an extent by these practical considerations. Thus, the line-by-line method can presumably

supply spectra for the full extent of optical depth and pressure values. This advant2ge is

most important at low values of preLsure. For this condition, a second type of ilnc broaden-

ing becomes important, the purely teraperature broadened Doppler ling. The Drayson pro-

gram applies a mixed Doppler-Lorentz line bhap,)e for pressures below 100 mb while retain-

ing the pure Lorentz shape for higher pressures. Using line-by-line synthetic data in the fit-

ting procedure yields a band model technique which, at small pressures, compensates for the

model's inherent inability to handle the Doppler broadeuned line. At the same time, it can be

seen that band model methods derived directly from line parameters could not handle the

Doppler-Lorentz line shape without destroying the band model's cost time advantage over a

line-by -line approach.
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The Drayson program was used to calculate spectra at 300 K for each path chosen and
-1 -1the data were smoothed to 5 cm resolution with points every 2 cm". The mechanics of

determining the best parameters or absorption coefficients at each Av were handled by a

least-squares minimization technique programmed by Baumeister and Marquardt. This meth-

od minimizes the sums of the squares of the differences between the absorption calculated by

Drayson and that calculated by the Elsasser model for all the paths in question. The band

model parameters were thus obtainea throughout the 500-850 cm" 1 interval consistent with

the resolution of the line-by-fine smoothed data.

7.4.3.2 Evaluation of the Technique

To evaluate the band model, comparisons were obtai~ied among spectra produced by the

model and two other sources of homogeneous data. It is expected, however, that for non-

homogeneous paths, with teraperattire variations, the limitation In accuracy will be the same

as with the models incorporating parameters derived from laboratory data. The first set of

spectra (Fig. 77), exhibits the ability of the model to reproduce the spectra of Drayson from

which the parameters were determined. In addition to the band model results and Drayson'r

data, Figure 77(a) also presents a curve obtained by the method of Altsh'iler (1961). The tat-

ter, having in the past been considered as state-of-the-art, is presented far comparison.

It appears, in comparing the result of the new technique with the "exact" calculation, that

the major areas of large discrepancies are the very intensely absorbing Q-branches, in which

results were not expected to be the quality of other spectral intervals. One general problem

experienced with the Elsasser model in theLe regions ls the tendency to overpredi.- absorp-

tion fo: large values of absorptivity and under-predict for smL-ll values. !n an attempt to im-

prove accuracies in the intense regions, "synthetic" data were also fitted to the Goody model.

The standard errors,

=2A(orayson -AfMl

where N is the number of data points or paths, were, however, consistently greater for the

statistical model than the Elsasser model.

7.4.4 COMPARISONS OF CALCULATED VALUES AND THE VALUES FROM FIELD
EXPERIMENTAL DATA

The following figurer portray comparisons between spectra calculated by the Aggregate

method and others obtained experimentally in field meapurements.

-i
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Figure 78, obtained from Anding [247] compares the calculated values with the measured

values of Yates and Taylor [248] for relatively small quantities of absorber.

Figure 79,calculated for this report, compares the calculation with measured values of

Taylor -And Yates [249] for a larger path and larger quantities cf Pbs.)rber.

Figure 80, also calculated for this r.port, compares the calculation with measured values

of Taylor and Yates (1957) for a still larger path and larger quantities of absorber.

Figure 81, calculate; for t Is report, compares the calculation with the measured val-es

of Streete [250] for a 25 km patt and relatively large quant',ies of absorber.

Figure 82, calculated for fiVs report, compares the calculation with the measured values

of Ashley [251] for a 12 km path and absorber amounts intermediate to the values of Taylor

and Yates and of Streete. No scattering is calculated.

A lack of perfect agreemer' ,an be attributed to a number of things in addition to the

naturally limited accuracy of t id models. In the first place we have used the generalized

scattering calculation in the Ar ,regate program which may not account for actual condit!ons

and by virtue of which, at shorter wavelengths, the difference might be sizable. Also somn, G"

the quantities of H120 vapor are qciite large creating a situation to which it becomes difficult

to extrapole-e. For reasonable quantities of H120 vapor and with a reasonable understanding

of atmospheric conditions, the agreement is expected to be better.

Even with good agreement we still have only 'imited comparisons because there are no

conaitions reproduced experimentally for which calculated and measured values tave bee"

compared for slant paths, particular~y in a controlled environment. See, however, the con-

ditional comparisons wflh Nimbus data shown in Section 9.

7.5 LOWTRAN 2 METHOD

The LOW?/RAN code covers the spectral range from 0.25 to 28.5 ;Lm (350 to 40,000 cm-1)

with line parameters defined to a resolution of 20 cm", spaced apart in steps of 5 cm 1. The

calculation is made on an atmosphere represented by a 33-layer model of altitudes, pressures,

247. D. Anding, Private Communication, New Technique in Parameter Calculation, 1974.
248. H. W. Yates and J. H. Taylor, Infrared Transmission of the Atmosphere, NRL Report

5453, Naval Research Laboratory, Washinton, D. C., 1960.
249. J. H. Taylor and H. W. Yates, "Atmospheric Transmission in Infrared," J. Opt. Soc.

Am., Vol. 47, No. 3. 1957, pp. 223-226.

250. J. L. Streete, "Infrared Measurements of Atmospheric Transmission at Sea Level,"
Appl. Opt., Vol. 7, No. 8, 1968, pp. 1545-1549.

251. G. Ashley, Private communication, 1974.
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FIGURE 78. COMPARISON BETWEEN TRANSMITTANCES CALCULATED BY THE
AGGREGATE METHOD AND THE EXPERIMENTAL DATA OF YATES

AND TAYL3R (1960 [248] .)
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PATH LENGTH - 39,000 FEET TEMPERATURE - SeF DATE - NOV 13, 1gn ,OURCE ALT. - 3778 FT 110L
SPECTRAL RESOLUTION - 2 cowl TOTAL -20 10 m TIME - 20:39 PST RECEIVER ALT. - 70 FT MSL

(b) Experimental

FIGURE 82. COMPARISON BETWEEN TRANSMITTANCES CALCULATED BY THE
AGGREGATE METHOD AND THE EXPERIMENTAL DATA OF ASHLEY (PRIVATE
COMMUNICATION). Path length 39 Kit, amount of H20 = 10 pr cm. (Concluded)
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temperatures, etc. (see Section 10), derived from the 1962 U. S. Standard Atmosphere and its

Supplements. The path of the transmitted beam is considered to be refracted (see Appendix)

by changes in atmospheric density, and thi3 fact ib taken into account in the program in a sub-

routine which is optional.

7.5.1 METHOD OF DEVELOPMENT

The LOWTRAN 2 modei (Selby aisd McClatchey, 1972) is the most clearly empirical of

the sn'-called band models in that it takes on no analytically recognizable functional structure.

In this say, it resembles the technique by Altshu:cr (1961) in the development of the empirical-

functional form of the transmittance by CO 2 in the spectral regions for which the Elsabser

model is deficient. The procedure used for presenting the data is also reminiscent of the

Altshuler report, wherein a series of nomographs are included from which it is possible to

determine all of the quantities needed for determining transmittance once the atmospheric

conditions have been established.

The functional form cf the average transmittance over the 20 cm" 1 spectral interval ob-

tained as a result of molecular absorption is given in terms of w*, the equivalent amount of

absorber as:

T = f(c,, w*) (356)

Sn

where w*= w tý V T(z) (356)

with w = amount o! absorber

n = empirically determined coefficient from laboratory experimental data and irom

calculations using the AFCRL line parame~er compilation.

One may note the similarity between this expression and the exr.rec sion used by Altshuler,

which was:

=r f[) = )f(357)

where r(A) reduces to the weak- and strong-line limits respectively, i.e.,

ISwaL
anod r(X) 2~d

when n = 0 and rn = 1. The vrlues of n in the !ntermediate case of the LOWTRAN method

have been calculated as follows:

321
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n = 0.9 for H20

n = 0.4 for 03

n = 0.75 for the so-called uniformly mixed gases (i.e., CO2 , N20, CO, CH 4 and 02).

A comparison of Eqs. (355) with (357) shows an implicit neglect of the temperature dependence

of S.

Writing Eq. (355) in a more generpl form expressing n explicitly:

= f (C(,)wPn) (358)

shows the functional relationship of the parameters, with the temperature dependence of the

half-width apparently being either ignored or assumed in the value ol C(v). Inverting Eq. (358)

yields:

C(v)wPn = f-l{•(v)} (359)

and, taking logarithms:

n log P + log w = log f- (7) -log C(v) (360)

Selby [2521 has provided the format for performing the data fit to Eq. (360) which requires a

large quantity of data plotted in the form shown in Figure 83. _A IW) vs log w is plotted in

groups or families of curves corresponding to fixed pressures, P,, P 2, P3 P etc. The AV V)

are the transmittance values obtained from laboratory experimental data or calculated from

the lihe parameters in the AFCRL compilatioa, and averaged over 20 cm"1 to represent the

final resolution of the LOWTRAN results. The value of v, the central frequency in the 20

cm"1 interval, is also fixed in each set of curves represented by Figure 83. Thus, for a fixed
value of 7•.,(v) as shown, several values of w corresponding to the various curves, repre-

sented by the different pressures, are obtained. Since the right side of Eq. (360) is constant,

the simultaneous solutions of two linear equations provide a value of n.

Thus, for each curve in Figure 83, Eq. (360) can be written:

n log Pi + log wi = const.

in which the i designates the i-th curve (I = 1, 2, 3,. .. ) and the constant involves the conrtant

values of 7 and P. A value of n can then be obtained for any pair of curves. Selby carries out

this procedure for a large number of frequencies covering the important absorption bands

* 252. J. Selby, Atmospheric Transmittance, I., Advanced JR Conference Notes, University of
Michigan Summer Conference, Ann Arbor, 1974.
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for each molecule. In this way, a mean value of n is calculateJ for each molecule. These

values are reproduced as follows:

Abhorber n Epectral Regions

H2 0 0.9 271, 6.3, 20-30 pim

03 0.4 4.7, 9.ft, 14 /im

Uniform Mixed
(0O2 + N20 + . . .) 0.75 3-5, 7-10, 14-11 A SU

The next step ir, the Procedure is to plot the curve rAV as a function of log wPn for

each frequency, using tl'-! previously calculated m.ean value for n, yielding a plot demonstrated

schematically in "Figure 8 . The cur',e most rer'resentative of the scattered points in Fig-

ure 84 (the solid curie) is aGgitized ;or the LOWTRAN computer code, and is displayed also

as the one-dimensional non-li.ear tr'.nsmittr.nce scale and associaied scaling factor in the

curves shown !n Figure 85. The final step .s to determine Jl-.e value of C(P) for each frequency,

which mr.,duces the curve in each of the graphs of these *igures. Resorting again to Eq. (36C),

the value log C(v) is solved from:

log C(P) = log -f-I(T (0) log wpn

and the curve in Figure 84. Thus, the intercept on the z.oscissa corresponding. via the curve,

to the value of is, in reality, log {f-()} = log wPn + log C(v). The value of the abscissa

corresponding to log wPn is also calculated. The difference between these two points, is,

therefore, the value of C(v). By repeatirg this procedure for a large number and variety of

w and P, i.e., absorber concentrations and pressures, an average C(v) can be obtlined for

each v. As the procedure is repeated for a large number of v--,alues, the input to the produc-

tion of curves represented by Figure 85 is provided.

The curves of Fi,,ure 86 show the plot of actual data from which the analytical curves are

constructed. One is for ozone at P = 1060 cm- 1 for the family of pressures shown; and the

other is for the uniformly mixed gases at v = 22C0 cm"1. Note that the final eurve Is v.sed tc

represent the desired function in each case, and that the points are packed reasonably close,

showing that a single function approximates transmittance through the gas. Note also that the

first and second curves in each sei represart, respectively, the plot of the same data in terms

of the weak- and strong-line functions. The dl:,•arity is obvious, as il should be in these

cases in waich the optical Cepths are intermedL;',e to those which would produce the limiting

effects.

Once the function, f, is platted against a Ltnndardized amount cf absorber for a giveni fre-

quency, a scale is estahlLhsd between the two co that a transmIttance curve common to all
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FIGLURE 86. EXAMPLE SHOWING THE DEVELOPMFNT OF TRANSMITTANCE FUNC-
TIONS FOR OZONE AND THE UNIFORMLY MIXED GASES. (From Selby, 1974[2521.)
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values of the absorber can be plotted as in Figure 85, with only a v,:rtical movement of the

scale shown at the right of the figure causing the curve to represent a new absorber configu-

ration. Selby arnd McClatchey (1972) describe a comlputer code from which calculations of at-

mospheric transmittance can be made with a given set of inpats. Using the LOWTRAN model,

McClatchey, et al. (1972) have published a set of curves from which rudimentary determina-

tions ca. ")e made quickly and with reasonable accuracy, without resorting to the computer.

Figure 85 is an example of the set.

These curves, which will be described subsequer.ly, are useable for any kind of -ath,

i.e., constant at various altitudes, or for slant paths. Since the curves are plotted for stan-

dard conditions, the equivalent path conditions must be determined before the curves can be

used. The determination of these equivalent path conditions is made on the basis of a set of

graphs (see next section), similar to thoce by Altshuler (1961). One notes, in reference to

Section 7.4 on the Aggregate method, that part of the Aggregate code uses the results of

Altshuler's investigation as input parameters.

The LOWTRAN 2 model calculates transmittance as affected by H120 vapor, 03 and the

so-called uniformly mixed gases, i.e., CO 2 , N20, CO, CH 4 , and 02. It includes also the effect

of N2 in a continuum in the 4.3 um region, and H 20 in a continuum in the 10 um region. In

addition, it includes the effect on transmittance due to scattering by molecules and aerosols,

fiom the point of view only of single scattering.

7.5.2 DETERMINATION OF ABSORBER AMOUNT

In using the curve of transmittance vs frequency shown in Figure 85, it is necessary first,

by using curves similar to those in Figure 87, to dztermine the equivalent quantity of absorber

in a slant path to appiy to the transmittance curves. The set of curves depicting the absorber

amount have been obtalned from the following.

7.5.2.1 Water Vapor (H2 0)

if the path is horizontal then, at the alditude for which pressure is P:
/ \o.9

w* = w(z) /P0 (361)

is used to calculate the equivalent amount of at-sorber. The H20 vapor concentration is given

by w(z) gm/cm 2/kn'.. The range, 1, in km is multiplied by the appropriate value, which is

plotted in the report by McClatchey, et al. (1972). For determining the equivalent absorber

amount in a slant path, one uses the curve in Figure 87 obtained from:
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w*, z.~~•i dZ (362)

From this curve is obtained the value in a vertical path between the altitude shown on the ab-

scissa and infinity. The amount in a slant path between two altitudes Is determined by the dif-

ference in the values obtained at the two altitudes multiplied by the secant of the angle bet'.een

the upward vertical and the slant path. Corrections for refraction aaid earth curvature are

given by McClatchy, et al. (1972) for angles greater than 800. Each curve in the family of

-urves in this figure represents a model atmosphere as described in Section 10. Similar

curves are to be found in McClatchey, et al. (1979).

7.5.2.2 Ozone (03)

For ozone, the equations are similar with:S04"
w, =w(z) (363)

for the horizontal path, with w(z) in (atm-cm)/kr. For the slant path, the vertical component

is calculate,4 from:

fj.4

= w(z)(Vp) dz (364)

The curves repr'.senting the quantities w(z)(jo) and w(z).)• i-- dz, respectively, are

to be found in McClatchey, et al. (1972).

Fui the spectral regian between 0.25 and 0.75 jim, the abaorption coefficient is independent

of pressure, and the absorber curves take on a slightly diffrent character. See McClatchey,

et al. (1972).

7.5.2.3 Uniformly Mixed Gases (CO 2 , N20, CO, _I14, 02)

For the uniformly mixed gases, with c the fractieral concentration by volamie, the amount

of absor;ber, r,.uuced to standard conditions, is:
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The valve of n used for determining the equivalent amount is 0.75 for the uniformly mixed

gases so that in the horizontal path, for which the calculation is made for the equivalent sea-

level path length,

( ).l 75(/ (365)

For vertical (and thus, slant) paths the formula is given by:

w"
?-- =0)d (366)

In the horizontal path case, the equivalent path length is obtained, as for the other constituents,

by multiplying the value from the appropriate curve, far a chosen point on the abscissa, by

the acttal number of kilometers in the path. For the vertical case, the number of equivalent

kilometers upward from the chosen altitude is obtained from the ordinate corresponding to a

prescribed value on the abscissa. The slant path is obtained as before. The curve for the

vertical case is reproduced from McClatchey, et al. (1972) in Figure 88.

7.5.2.4 N2 Continuum

Absorption by the nitrogen collision induced band is taken proportional to P2 . Thus, for

a concentration c, analogous to the case of the uniformly mixed gases:

__ = C (f_(T (367)

for the horizontal case; and

f () 2 (T) dz(368)

for the vwrtical case. The figires representing these cases are to be found in McClatchey,

et al. (1972).

7.5.2.5 H20 Continuum

For the equivalent amount of H20 vapor contributing to absorption in tho 10 gjm contlnuum

region, the expression is given as:
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FIGURE 88. EQUIVALENT SEA LEVEL PATH LENGTH OF
UNIFORMLY MIXED GASES AS A FUNCTION• OF ALTITUDE
FOR VERTICAL ATMOSPHERIC PATHS. (Reproduced from

Mc Clatchey, et al., 19 72 [21].
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bn [PO +0.005 w W'(Z) (369)

where w'(z)is the number of precipitable cm/km of H2 0 vapor at altitude z, for ohich the total

pressure is P and the partial pressure of H20 vapor is pH For vertical (and thus slant)

paths the sea-level equivalent of the H20 vapor is:

bv(z) H 0 + 0.005 PH)w'(z)dz (370)

Curves depicting these valuea for different model atmospheres are given in McClatchey, et al.

(1972). Justification for the expressions used in Eqs. (369) and (370) is derived from the work

of Burch (1970).

7.5.2.6 Molecular Scattering

Since molecular scattering in a function of atmospheric density, the scatterer concentra-

tion is normalized to sea-level concentration given by the dimensionless quantity (for the

horizontal case):

mh = p(z)/po (371)

where p(z) is the atmospheric density obtained, usually from published tables (see Section 10).

The equation in which this value is used in LOWTRAN 2 involves the funct!on 9.307E - 20 x
4.01J 7included in the LOWTRAN 2 code to be consistent with the calculations for the absorb-

ing components. For the vertical path (from which the slant path concentration can be calcu-

lated) the quantity is:

mv = p(z)/podz (372)

which gives the effective length of the slant path.

7.5.2.7 Aerosol. Extinction

The determination of aerosol extinction is made on the basis of the particle size distribu-

tion, which for LOWTRAN 2 Is given in Section 10, and is considered to be constant with al-

titude. The number density, D(z), is also given in Section 10 and the dimensionless quantity:

ahDrz)

h D) (373)

is plotted in McClatchey, et al, (1972) as a function of altitude for use with the function 3.745E -

5 x ,0"8543 in the case of a horizontal path. For the vertical path (and thus for use with the

slant path) the quantity calculated for use in the transmittance equation is:

5332



LER PEILV WgLOW RUN LABORATORIES. THE UNVERSrTY OF MICHIGAN/

a 0 DW d (374)av fz- 0Do7

where D(z) is the number density at altitude, z, and Do is the value at sea-level.

7.5.3 USE OF THE LOWTRAN METHOD

The values of equivalent absorber amount are cormputed In the LOWIRAN 2 prog,-m.

They can be used also with the scaling factors provided by referring to the charts provided

in the report by McClatchey, et al. (1972), as a very convenient tool for determining r-pdldy

and accurately the value of transmittance at any frequency (wavelength) and for any path con-

ditions, provided one is willing to accept one of the stanftrd model atmospheres as represen-

tative of the conditions pertinent to the prescribed situat'cn. The chartb are simple to use in

conjunction with the charts from which the equivalent ab3orber amounts are determined and

they are compatible with the latter so that the scale need only be moved to the properly deter-

mined absorber amount in the appropriate dimensions, and the transmittance is read on the

accompanying transmittance scale from the curve.

It is interesting to compare the charts of McClatchey, et al. (1972) with the ones gener-

ated earlier by Altshuler (1961) and reproduced in abbreviated form from the report by

Anding (1967). These are shown in Figures 89 through 91. The accuracy claimed by

McClatchey, et al. in using the LOWTRAN 2 technique is decreasing as the transmittance

approaches unity, which is apparent from the fact that the curves (see, for example, Fig. 83)

in the development of the model change very slowly in the region of unity transmittance. The

value of 10 percent is evidently an estimate based on an assumption that most conditions under

which atmospheric transmittance calculations will be made will be consldtent with the effec-

tive absorber amount calculated using Pn, with the n-values given above. Nothing in the liter-

ature has been found to check this allegation. Obviously, when conditions are more closely

consistent with the weak- and stronk'-line representations of the model, then the LOWTRAN

moddcI will tend, respectively, to underestimate and overestimate the actual value of transmit-

tance. On the other hand, one should refrain from using the model for the calculation of path

radiance under conditions of high ran.-smittance, since the uncertainty in atmospheric emis-

sivity increases greatly.

McClatcney, et al. (1972) also caution that there may be an error introduced resulting

from the neglect of a temperature depetidence in the model. The temperature used for the

determination of the c-zve representi.ig the model was 273 K. No suggestion Is given to the

user regarding the confidence he can place in results calculated for cases in which the tem-

perature differs greatly from those used In construction of the model, except a qualitative

assessmevrt of the effect of changes in energy state populations. However, Selby (1974z) has
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performed a colculation of the radiance in a path downward looking toward the earth, and

compared them with data taken from satellites. The comparison, as shown in Figure 92, is

favorable, although one must always be careful in the interpretation of data for which meteo-

rological parameters are not wel! known. See the additional discussion in Section 9.

In their report on the Optical Properties of the Atmosphere McClatchey, ell al. (1972)

provide many of the user benefits not found in the operation of their LOWTRAN computer

code, among which are certain scattering phenomena -although a simple function for extinc-

tion due to single scattering is used in LOWTRAN -avd infrared emission by the earth and

atmosphere. By the application of special formulas given in the above-mentioned repor!,

limit•d generalized curves of solar radiation scattered !r:'n aerosols and clouds are fur-

nished, as well as atmoý,pheric radiance observe-t by a downward- or upward-looking sensor.

The interested reader is referred to the report for these data, which are considered of second-

ary importance to this report and, therefore, are not reproduced here. Based on discussions

with one of the authors of the LOWTRAN code (Selby, 1974a), it has been learned that a code

to be used in conjunction with LOWTRAN will soon be available for calculating radiance frcm

the earth and atmosphere.

7.5.4 COMPARISONS OF CALCULATED VALUES AND THE VALUES FROM FIELD
EXPERIMENTAL DATA

The following figures portray comparisons between spectra calculated by the LOWTRAN

2 method and others obtained experimentally in field measurements.

Figure 93 Is reproduced from Selby and McClatchey (1972) showing a comparison be-

tween the calculated values and the experimental values of Gebbie, et al. [2531 In the upper

set of curves. The quantity of absorber is small and good agreem( nt is expeeted. The rest

of the curves in the figure ehow a comparison of computed values with the experimental data

of Yates and Taylor (1960), again for a small quantity of absorber.

Figure 94 was provided by J. E. A. Selby (1974a) to show a co.nparison between the trans-

mittance values calculrted with the LOWTRAN 2 method and experimental data from EMI*

oVer a relatively short path with relatively small absorber amounts.

Figure 95 was provided by J. E. A. Selby (1974a) to show a comparison betweer 'alues

calculated with LOWTRAN 2 and experimental data of Ashle I(General Dynamics, Pomona,

1974) over a path of moderate length.

*EMI Elcctroanicu, Ltd., Hayes, Middlesex, England.

253. H. A. Gebble, W. Harding, C. Hilsum, A. Pryce and V. R'oberts, "Atmospheric Trans-

mIssion in the 1-14g Region," Proc. of the Roy. Soc., Vol. 206A, 1951, p. 87.
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FIGURE 93. COMPARISON OF LOW7 12 PREDICTIONS WITH KFASUREMENTS.

(Repruduced from Selby :izv McClatchey, 197.2 [211.
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FIGURE 95. ATMOSPIIERIC TRANSMITTANCE, 10e79 ft k3.25 kin) PATH
AT SEA LEVEL. H20 = 3.5 pr cm/km. (Frcm Selby, 1974 12521.)
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Figure 96 was provided by J. E. A. Selby (1974a) to show a comparison between values

calculated with LOWTRAN 2 and experimental data of Ashley over a longer path with larger

quantities of absorber.
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8

MULTI- PARAMETER ANALYTICAL PROCEDURES

The methods presented in the previous chapter, with the exception of LOWTRAN 2, are
for the most part either ordinary models covering limited spectral ranges, or collections of

models and approximations used to cover a broad spectral range. The LOWTRAN funct~on

is purely empirically derived. The procedures developed in this section are derived on the

basis of analytical functions which suit the whole spectral range as long as snecial parameters
are changed to suit each spectral interval.

8.1 ZACHOR'S FORMULATION

The starting-point for this section is the procedure originated by Zachor (1968a) in a

manipulation of the mathematical expressinn of the statistical Goody band model (Mayer, 1947;

Goody, 1952), i.e., an expression of the transmittance due to a infinite array of Lorentz lines

which are Poisson-distributed in frequency, and distributed exponentially in stiength. (See

Eq. 184; Table 20.) This model has the form (See e.g., Eq. (325)).

= wK1 (A)/[1 + 2wK2(A),'p (375)

which is redefined here partly in terms of Zachor's nomenclature as:

r = exp [-V/(1 + 2 ,/O) 1/2 = exp I + -1 (376)

S w 2r y o

where y=-•-,
3 =--- =0P

w = absorber amount (e.g., pr cm)

S = mean line strength

d = mean Hlne separation

of = Lorentz line half-width, proportional to broadening pressure, P

27ra030 = LO

In the first form (of Eq. (376), it is observed that for -"/p >> 1 there emerges the expression for
the strong-line transmittance form of the Goody model (compare Expression #10, Table 20),

namely:

78 = exp [-(r,3/2)1/2j (377)

whereas for V/1 << 1, the Beer's law expression results:

TB exp (-y) (378)
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which results in any band-model prediction of transmittance for overlapping lines. Zachor

alleges that the curve rrepresented schematically in Figure 97 is typical of the plot of labura-

tory data in that format, and that the envelope of the curve represents the strong-line representa-

tion of different models given as r. = f(wP) where, for wP small, the straight-line portion corre-

sponding to const.(wP)1/2 is evident.

Since every model for overlapping lines results in the Beer's law expressioi, in the limit,

each horizontal line corresponds to an asymptote determined by a given quantity of absorber,

w = w1 , 2 , w, . . . The generalization of these facts is that every model is represented by one

of the numerous curves which can make up Figure 97 with "the essential dissimilarities between

observations at different wavelengths in the same or in different bands (being) the mathematical

form of f(wP) and 'rate of transition' between this function and Beer's law. These considera-

tions suggest that all laboratory data of moderate resolution migt-. be represented by an equa-

tion of general form.

r = g(Ts, T"Bt M) (379)

which depends explicitly on the Beer's law transmittance rB and ari empirically determined

function r s for the strong-line region. The function g should be asymptotic to T s aend TB, with

a transition rate governed by some adjustable parameter, M."

Zachor's derivation of a general function starts with a rearrangement of Eq. (376) in the

form:
In = (In TB)2 + (In Ts)y2 = + (In 7s)_2 (380)

which easily follows with the help of Eqs. (377) and (378) after the natural logarithm of each is

taken and substituted into Eq. (376). Yn the for m of Eq. (380), we observe that the Goody model,

with no approximations, results from the sum of two vectors, perpendicular to each other, whose

lengths are given by (-In T = y and (-fn It f.llows directly that as either vector
B S

vanishes the other is represented by one of the asymptotes to the curve of Figure 97. This

vectorial approach to the formulation of a model then suggests that the generalization of the two-

dimensional scheme is the introduction of a to-be-specified angle between the vectors, of any

value whatever, dependent on the form of the model which describes the transmittance at a given

frequency. The most general form cd Eq. (380) would be, then:
(-I *)2 r -2 +(Fn -r )2 2cos V(-yIn r ) (381)

in which r* is the model's approximation to the actual transmittance r. By Folving for r* and

writing M = 2 cos 4, one finds

i* = exp [2 + (In T - M(y In r -/2 (382)
LL S j

The similarity between this form and that for th- Goody modA is apparent, and indeed distinct,

in light of the fact that Eq. (382) is the Goody model for M =0.
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0- Beer' Lawa

tem�asehso-�l Beer's Law

t ~34

log (wP)

FIGURE 97. A PLOT OF LOG(A) AGAINST L4DG(wP) FOR A
TYPICAL LABORATORY RUN OR ABSORPTION BAND MODEL.
The ordinate scale is greater than the scale of the abscissa
to emphasize the strong-line and Beer's law regions. The
straight portion of the strong-line envelope represents the
"lsqua,-e-root approximation,,, A = const. (wP) I/2.
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8.1.1 DERIVATIONS OF KNOWN MODELS

In his paper, Zachor (1968a) makes a comparison between the model of Eq. (382) and three

other well-known mno-els (see SEction 5, or Goody, 1064): the so-called rIndom model, with

randomly distributed lines of equal intensity (Elsass2r, 1938); the Elsasser model; and the

Curtis model, with equally spaced lines, but exponentially distributed in inttnsity (Goody, 1964).

Figure 98 demonstrates the comparisons of r vs 0 for the random model, the Elsasser model

and the Curtis model. The equations approximating these models are as zollows:

8.1.1.1 Random Model

= exp L (. + 2-<21 1 (383)

where: M = -O.27M9059, by ..,'ultAor..

8.1.1.2 Elsasser Model

rT=exp {-[Y-2 + (fuJ 1 ,f[y3/2)1/21 })-2 - M(y fn{1 - erf[yi3/2)1/211)- 1l-1/21 (384)

where: M = -0.2739059, by i ,parison with the structuiP for the random nodel.

8.1.1.3 Curtis Model

ex ~-2 +(n ath[v/)1/2 2 1/2
j}exp{-1- + (fn I J - tanh[(./2)l ) - } (385)

where: M = 0, considering .ii it the line intensity distribution is the same as for the Goody model.

8.i.2 GElERALIZATt iNN OF ZACHOR'S FORMULATION

The imp'ortan•ce of Za i,,r's mode, is not in the agreeable match it , joys with the standard

models of, e.g., "sasser ._., Goody, but in the generalization it provio, for calculations outside

the limit of the models. Is, zonventioral model limits are small as i- riddi.nt in the Aggregate

method which must incorl,. ate a large number of them, modified to si ý cxtent, to cover the

whole Infrared spectral r. ., It will be seen subsequently, that the 7. .or method incorporates

four adjustable parametlE ',s opposed to the two parameters in the A, e i:.t method and one in

the LOWTRAN method. i s !hi,; larger number of adjustable param. ,'. ,ie , one would infer,

gives the Zachor method ý flexibility, and naturally, adds to its coml.ie

The generalized Z,, ,a formulation is derived from a comparison . laboratory experi-

mental data. In a papej hich accompanied the publication of the form; !,m, Zachor (1968b)

reported a table of the i n generalized parameters for the CC,2 pectrai tegion In 5 cm 1

3j 4EC;
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intervaIl between 4590 and 5346 cm" , derived from the experimental data of Burch, Gryvnak

and Patty [2541. The parametric form of Eq. (382) is more evident when written in terms of

experimental parameters; thus:

* =exp - [(Kw)"2 +(nrs )-2 M(Kwfn7 )_1]-1/2 (386)

where K = S/d, the weak-line parameter. The parameters, then, are K, M and In rs, the strong-

line function, which itself is representable by two parameters. In iact, following the proposal

of King (1964), the strong-line function can be written as the following two-parameter function:

Ts = 1 - g{n, [,r(n)(2CwP/n)1/2 1l/n} (387)

whera the parameters are n and C, and Y(a, x) is the incompiete Gamma function-

x

tt(a, x) = [r(a)-'iftale -t dt (388)

0

r(a) is the Gamma function. King's formult, Eq. (387), derived from ar. analysis of the vari-

ance in the structure of different models, g.ves the correct strong-line equations for the reg-

ular (Elsasser) and random models for n = 1/2 and n = 1, respectively. In fact, the value 1/2,

for equal distribution of line strengths, specifies randomness, whdle the value I specifies

regularity. Equation (387) can be written in series form as:

T's = I - n(CwP)/ I {2(-l)[nr(ij)(2CwP/n) 1/2 1 I/( a + J)J,

j---0

The procedtre that Zachor uses to fit experimental data Is to plot log (1 - r7) from Eq. (387)

as a function log (CwP) (which equals yo3) for several values of n, and match one of the resulting

curves to the ect' 1"" of experimental data log (1 - ') vs. log (wP). Figure 99, reproduced from

the paper byZachor (1968a), a -n',',strates a plot of log (I - T s) vs. log (y,). Thus, from the

cur- * match the value of n is deduced. 0!_nce the proper curve had to be displaced by the amount

log C to effect the match, tht :: -..jnt of displacement on the abscissa between the calculated

and experimental curve is tie value of log C, from which the parameter C is obt,!$--

After the parameters n and C are found, the parameters M and K are determined simulta-

neously by a least squares fit of Eq. (381) to experimental data. Rewritten in terms of the pa-

rameters K and M, Eq. (381) becomes:

254. D. E. Burch, D. A. Gryvnak anj R. P. Patty, Absorptlun by CO 2 Between 4500 and 5400
cm"

1
, Report No. U-2955, Philco-Ford Corporation, 1964.
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(- T)- 2 = (Kw)" 2 + (fn rs)f2 _ M(Kwfn rs)_l

= K 2 w-2 + (fn -S)_2 -MK-I(w 4n Ts (390)

and kachor minimizes the rxpression:

SWi[Qfn T *)-2 (In T )-2]2 (391)

with respect to g'2 and M/K. The weLghting function is taken as W1  (rn T Thus, taking

DA 2 0 ane aA 1 0, the following solutions are obtained for experimental data for which
a(K 2) a(MK")

the strong-lltre values yield accutrate values of n and C:

K = (a l1/2 (392)

and
M = -Ka2 (393)

where: a 1 = (c /q 12 - c2 /q 2 2 )/(qll/q1 2 - q2/q

a 2 = (cl/q,, - c 2 /q 12 )/(q 12 /ql 1 - q22/112)

C, L..Jf Ti/WiJ I' [- (n T /I n T.,)j

I

2vw, r 1-)2/ 1  T'i Y (n T ,/fn i )d2]
I

2= I~(t si)1J
I

I

q 22'1[(In Ti) 4/(w 1 In Ts

i
and where T , s the itrong-line transmittance caiculhited using, experimental data in Eq. (38').

The accuracy of this method is dependent to a large extent on the quantity of data available

In the strong-line region. Zachor observes parenthetically that, whereas M and K were deter-

mined using a digital computer, the use of a computer to determine n and C for all pos3ible cases

would require an elaborate coau. The graphical technique can be checked by the success in using

the graphically determined values of n and C. In the 2prm region for which he determined these

parameters, he found that at the parts of the spectrum where the absorption was relatively weak,

the arbitrary choice of n = 1.00 gave reliable r'esults. In these cases for i•ch the determination
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of C by the displacement between the data and the computed curve was compromised by a,

paucity of data, it was found that either errors tended to compensate each other, making the final

result only mildly dependent on a very accurate choice of C; or the physical significance of C

was open to question, in the case of the weaker regions of the 2 Pim CU2 bands.

8.1.3 RESULTS USING ZACHOR'S METHOD

Zachor used the data of Burch, Gryvnak and Patty (1964) in the region bounded by the fol-

lowing conditions to obtain model parameters: (1) w/P < 105 /1.5 atm"1 cm, (2) Pv > 100 atm

cm, (3) P - 10 atm; and by the conditions 5 < w < 100cm, 1 - P - 10 atm. He claims tl,at the

results "should be accurate for all w and P for which Pw > 100 atm cm. except perhaps in the

spectral regions of relatively weak absorption when w and P represent :i.rong-line conditions;

that is, whin n = 1.00 and the resulting values fore and r are approximately equal." The re-s

suits are given in Table 49 which is reproduced from Zachor's (1968b) report, and shows the

parameters used to calculate the transmittance for CO 2 in the region between 459.2 and 5346.0

cm (1.87 and 2.18 im). The first column, giving the interval over which the calculation was

made, represents the resolution, which is approxirm,.tely 5 cm- 1 or less. The other four

columns list the values of n. C. M and K, respectively. A comparison is made (Zachor, 1968b)

between values of transmittance for various values of ttm;nospheric param:'ters calculated from

the mathematical formulation, and the values plotted fromn the Burch, Gryvnak and Patty data

for the same conditions. This comparison is shown in Figure 100 in which the solid curve

represents the experimental data and the discrete points the calculated data.

8.2 THE FIVE-PAAIAMETER¢ FORMULATION OF GIBSON AND PIERLUISSI

Pierlutssi (1973) has correctly pointed out that although there have been innumei'able models

derived for the calculation of atmospheric transmission, their developments can be traced eithel

directly or Indirectly back to two origins, the Elsasser (regular) and Gcody (random) models.

Except for excursions into the physical structure of molecules and in the absorptive mechanisms,

these modLIs should be eminently successful In predicting atmospheric transmittance. One ob-

vious dificiency, however, Is that the pattern of absorption by molecules is seldom either per-

fectly regular or random. Pence the need fov modific ttons which account for the erpected de-

partcres. As mentioned above, however, one feels that the ultimate preferable model would be

of a more unified complexion. Zachor has attempted to develop this model on the foundation laid

by King who recognized the apparent interdependence of various models through parameters

which described the physical appearance of their absorption spectra in terms of their regular ity,

or their tendency to cluster.
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TABLE 49. TRANSMITTANCE PARAMETERS FOR
C02 BETWEEN 4590.2 AND 5346.0 r-m-l.* (From

Zachor, 1968 [23].

Inicrval (cm - ) a C(iAtm 'Cmn') IN K(CM

4590.2-4595.4 1.00 00402E-06 -1.02 O.61SI-09
4595*4-4600*3 1.00 0.SlSE-06 -0.94 001I8E-05
4600.5-4605.0 1.00 0.I11E-Oft -1.04 0.510E-05
4605.0-4609.7 1.00 0.234E-05 -1.07 0.407E-05
460907-4614.0 1.00 O.550E-05 -0.98 0..520C-05

4611"0-4619-1 1.00 0*486E-05 -0.90 0.635E-05
4619.1-4624.0 1.00 0@749E-05 -0.94 0.742E-05
4624.0-4628.9 ZO 1 00 C901E-0? -0.96 o*soE-os
4626.5-4633e6 1.00 0.7saE-r, -0.8? 0.756E-05
4613#6-463891 1.00 O.25?E-05 -0.96 0*440E-05

4638.3-4643*4 1.00 0*10SE-05 -0.47 0*285[-05
464S.4-4648.4 1.00 0*917F-05 -0.96 0@828E-05
4646.4-4652.0 1.00 0*199E-04 -0.84 0*126E-04
4652.0-4656.0 1.00 0.20SE-04 -0.90 0.12AE-04
4656#0-4660.0 1.00 0.101E-04 -0099 0*845r-05

4660.0-4664.1 1.00 00134E-09 -0.99 00329f-05
4664&1-4669.2 1.00 0.3`75E-06 -1.26 0.139E-05
4669*2-4674.5 1.00 O.402E-06 -1.07 06160E-05
4674.1-4676.0 1.00 0.355E-06 -1*42 0*d2SE-09
4676.0-4681.6 1.OC 0#364E-06 .1.01 0*161E-05

Th.w unit riven for C and KC are consistent with ths unftit cr S.T.P.
for w and atniomptwres for P in equations (388) and (367).
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TABLE 49. TRANSMITTANCE PARAMETERS FOR
C02 BETWEEN 4590.2 AND 5346.0 cm-1 .* (From

Zachor, 1968 [23 1.) (Continued)

Intcrval..;m`) aa C (atm -,cm ') M K(cm-11

4661.6-4685.2 1.00 O.47SE-OT -1.12 0*170E-0S
463552-4690.2 1.00 0.634E-06 -1.00 0.2081-05
4490.2-4695.0 1.00 0.9771-06 -1.07 0*252E-05
4695.0-4700.0 1.00 0.1201-OS -1.11 09279E-05
4700.0-4704.0 1.00 0.1221-05 -1.12 0.267E-05

470400-470801 1.00 0.1029-03 -1.17 0.2511-05
4-08*l-471to6 1.00 0.1671-05 -1.17 0.326E-05
4711*8-4715*4 1.00 0.3981-05 -1.02 0.547E-05
4715.4-4719.0 1.00 0.7491-05 -1.04 0.7531-05
4719.0-4722.5 1.00 0.1491-04 -0.79 0.104E-04

4722.5-4726.0 1.00 0*18SE-0$ -0.63 0.132E-04
4726.0-4731.1 1.00 0.277E-04 -0.73 0.166E-04
4731.1-4736.0 1.00 0.3631-04 -0.56 0.2ý'F-04
4736.0-4740.9 1.00 0.457E-04 -0.39 0#226E-04
4740.9-4745.0 1.00 0.4211-04 -0.5, 0.212E-04

4745.0-4750.0 1.00 0.4511-04 -0.57 0.206E-04
4750.0-4759.0 1.00 0.1261-03 -0.26 0.3741-04
4755.0-4760.0 1.00 0.1721-03 -0.2M 0.502E-04
476(0.0-4765.0 1.00 0.261E-03 0.20 0.672E-04
4765.0-4770.0 1.00 0.316E-03 -0.34 0.8331-04

477090-4775.0 1.00 00340E-03 -0.23 0@107E-03
4775.0-47800.0 1.00 0.585E-03 0.54 0#192E-03
4780.0-4795.0 1.00 0.6661-03 0.25 0.259E-03
4765.0-4790.0 1.00 0.675-03 0.86 0.3371-03
4790.0-4795.0 1.00 0.7691-03 0.23 0.365E-03

4795.0-4800.0 0.95 0.906E-03 -0.La9 aj.4t:7f-03
4800.04805,t 0.95 0.767E-03 -0e27 0.324E-03
4605.0-4810.0 1.00 0.724E-03 0.34 0)26.L03
4610.0-4815.0 1.00 001091-02 0.10 00551 Os
4615.0-4620.0 0.90 0.142E-02 -0.05 0.1041-02

4620.0-4625.0 0.90 0@1681E-02 0.01 0.1711-02
4825.0-4630.0 0.70 0.1211-02 -0.13 0.2221-02
4630.0-4834.6 0.75 ,J.2IRE02 0.51 O.337E-4J2
4634.6-4836.1 0.60 0.1651-02 0.56 0.417E-02
OO636.1-4C43.1 0.55 0.169E-02 0.19 0.431S-02

4043.1-4a'48.0 0.55 0.152-02 0.13 0.061F-02
94846.-4851.2 0.60 0.¶0VE-02 0.06 0.2111-02
4651.2-4855.2 0.65 0@504E-03 1.32 0.964E-03
4655.2-4859.7 0.60 0.1134-02 0.34 0.24SE-02
4659.7-4664.1 0.60 0.2371-02 -0.00 0.45SE-02

4664.1-4566.3 0.65 0.281E.-02 -0.25 0.9371-02
4666.3-4672.4 0.60 0.264E-t2 0.30 0.5311-02
4672.4-4676.4 0.65 0.212V-V2 -0.00 0.3161-02
4676.4-4061.3 0.70 09177E-01 0.34 0.2331-02
486163-48R66.0 0.65 0.1099-01 0.06 0.9751-03

48666.-4690.4 0.90 0.726E-03 0.13 0.3661-03
4690.4-4694.6 0.93 0.663-ri -0.31 0.2501-03
4694.6-4896.9 0.65 0.436E-0 -0.20 0.2561-03
4696.9-4904.0 0.95 0.424E-09 -0.11 0.2451-03
4904.0-4906.6 0.95 0.4341-02 -0.14 0.2161-03
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TABLE 49. TRANSMITTANCE PARPMETERS FOR
CO2 BETWEEN 4590.2 AND 5346.0 cmnl.* (Fromn

Zachor, 1968 j231.) (Continued)

interval (cm -1 m~ C(Alm 'cm '), l K (cm')

490806-4912.3 1.00 00891E-03 -0.36 04233E-03
4912.3-4916.3 1.00 0.107[-0? -PO.3 0.2691-03
4914.3-4919.2 1.00 001161-02 -0.13 0.2991-03
4919*2-4924.0 0.89 0.1VU-02 0429 0.4)11-03
4924.0*4920.? 1.00 0.1441-02 1.16 007)01-01

4926.70-4933.2 0.90 0.2041-02 0.49 0.1161-02
4933.2-4137.6 0.69 0*213E-02 0.60 0.212E-02
4937.f,-4942.0 0.70 0.266E102 0.72 0.3771-02
4942.0-4946.1 0.70 0.3781-02 2.11 005999-02
4946.1-4,90.2 0.70 0.SiSE-02 0*6a 0.956E-02

4950.2-4954.2 0.70 0@78;E-02 0.78 Oolll!E-01
4954*2-4956.0 0.70 0.982E-02 0.80 0.173E-01
4958.0-4961.7 0.65 0.1051-01 0996 04210E-01
4961.7-4965.4 0.70 0.125E-01 1.03 0.2271-01
4965.4-4970.9 0.65 0.118E-01 0.58 0.212E-01

'970.5-4979.4 0.70 0.1251-01 0.34 0.142!-01
4975.4-4979.4 0.70 0.6721-02 0.91 0.672E-02
4979.4-4983.8 0.70 0.1081-01 0.23 0.1441-01
&993.8-49f8.*0 0.65 0.1671-01 0.*.4 0.2581-01
L9!8*0- 4993 #1 0.60 0.1501-01 0.00 0.306E-01

4993.1-4997.8 0.60 0.127E-01 -0.03 3.2471-01
4997.8l-5002.9 0.60 0.737E-02 0@U3 0.1401-01
5002.9-5007.3 0.90 0.444E-02 -0.03 0.5281-02
5007.3-9011.4 0.70 0.9171-03 1.231 0.1321-02
9011.4-5015.8 0.79 0.2111-03 1.94 0.282E-03

9018.8-5020.8 0.80 0.1181-03 0.10 0.481E-04
9020.8-9025.5 1.00 0.1401-03 -0.60 0.?331-04
9029.5-5030.4 1.00 0.1231-03 -0.46 0.3471-04
9030.4-9034.4 1.00 0.1101-03 -0.97 0.3SGE-04
5034.4-9036.4 1.00 0.9941-04 -0.82 0.3101-04

5036.4-9042.7 0.60 0.407E-04 -0.53 0.942E-04
5042.7-9047.0 1.00 0.9061-04 -0.12 0.9401-04
9047.0-90S912 0.80 0.1341-03 0.21 0.109E-03
9051.2-90599.3 0.60 0.1961-03 1.67 0.2701!-03
905S.3-9099.3 0.60 0.2461-03 1.16 0.451E-03

9o91p*!-5o6s03 0.60 00,1g1S-09 0.24 0.7161-09
9063.3-9067.2 0.60 0.331[-0A 0.22 0.123E-02
9067.2-9071.1 0.60 0.6631-03 0.33 0.2041-02
9071.1-9074.6s 0.60 0.1011-02 0.10 0.2991.02
907406-9076.9 0.99 0#132E-02 0.03 0.4231-02

9076.5-5062.1 0.99 0.192E-02 0.29 0.5601-02
90612.1-90119.7 099 0.237E-02 0.28 0.665E-02
9009.7-9090.6 0.60 0.2631-02 0.sfl 0.6631-02
90906111-50V567 0.959 0.2441-02 0.06 0.9061-02
9099.7-9099.6 0.70 0.1061-02 0.99 0.241E-02

9099.6-9104.2 0.60 0.1791-02 0.17 0.2931-02
9134.2-9106.6 0.60 0.434E-02 0.10 0.709E-02
5108.6-5112.6 0.69 0.972E-02 -0.03 0.9191-02
9112.6-5116.6 0.60 0.486E-02 0.05 0.9C7E-02
9116.6-512l.7 0.69 0.4311-02 0.39 046114r-02
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TABLE 49. TP.ANSI~iTTANCH PARAMETERS FOR
C02 BETWEEN 4590.2 AND 5348.0 cm-1 . * (From

Zachor, 1968 (23 1.) (Concluded)

Interval(cm-1) C C(atm'cm')CM A:(cm)

5121#7-5126.5 0075 0*296E--02 0.27 0*350E-02
5126.5-5130.8 0.60 0*177E-02 0.0C O.177E-02
91i00e-913501 0.70 Oo140E-02 -0.22 0*1131-02
5195.1-5139.0 0.80 0.124E-02 -0.22 00691E-03
512I.0-S143*O 1.00 0*XOSE-02 0.2? 0.723E-03

5143.0-5147.7 1.00 0058SE-03 0.07 04444E-03
5147.7-5152.6 0.85 00342E-03 -0.06 0.225f-03
5152.6-5157.0 0of0 0.204E-03 -0.04 0.6671-04

517.-162.0 1.20 0.124E-03 -0.-62 0*327E-04
51.$2e*0-5916*70 1.00 0.2461-04 -0.92 0.129C-04

5167.0-9172.0 1.00 00289E-09 -1.22 0.482E-05
91?2*0-5:77.0 1.00 0.641E-06 -1.27 0.169E-05
91?".0-5S6169 1.00 0.203E-06 -1.22 0.10QE-05

5239.0-524440 1.00 0.030S-06 -0.90 0.1*2E-05
5244.0-9248s0 1.00 0*102E-0O5 -1.1$ 0.317E-05
5246.0-5252P0 1.00 0.4I02E-06 -0.56 0.223E-05

46*0.0-S26400 1.00 0.4651-06 -1.49 00198E-09
14.0-5266.0 1.00 0*5713-06 -1.4* 0.2221-05
.'0-5272.0 1.00 0.4021-06 -1.02 0.216E-05
~.-!69 1.00 0.001R-06 -1.22 0.219E-05
S269~ 4 1.00 00.102E-03 -1.25 J*26tt-05

$28117-92664. 1.000 00252e-05 -1.10 0.A')7e10
52866.,5290*7 1.00 0.104E-04 -0.61 0.10TE-04
5290.7-5294.9 1.00 06562E-05 -1.07 0.695E-05
5294.9-5298.9 1.00 0.o7TUF-09 -0.65 0.642E-05
92986.9-530208 1.00 fel.11c-04 -0.76 0.1071-04

5)02.652906.6 1.00 U.1601-04 -0.51 0.1511-04
950606-931100 1.00 0.4091.04 -0.55 0,;2Sq!_04
5211.0-5216.0 0.90 0.197f-03 -0.27 0.ol0E-(P5
951640-5320o1 1.00 0.112SE-04 -0.96 0.9531-03
5320.1-5224.2 1.00 0.6194-04 -0.69 0.O±fl1-04

5224.2-5329.0 1.00 0.221E-04 -0.56 0.2121-04
532900-539400 1.00 00398E-0k 0.*2 0*2R6f-04
533460-S29800 1.00 0.062E-04 -0.60 0.10SE-04
5930.0-5342.0 1.00 0.1591-05 -1.69 0.24S1-05

5342.0-5346.0 1.00 0.2301.06 .2.42 0.4233-06
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Ancther attempt,by Gibson and Plerluissi (1971) to develop the generalized model leaves

the user with an even higher degree of parameterization than does Zach, , model, which uses

four parameters, n, C, M and K. It seems, then, that given a polynomial with high enough degree,

the ultimate model might be achieved as closely as desired. But obviously there Is a practical

limit, and there should be no attempt here to establish how closely one ought to approach that

limit except, perhaps, to remind the reader that every technique is an approximation, and that

the closest approach to rmality is the line-by-line calculation.

It is interesting, however, to take Zachor's approach one step further. Gibson and Pierluissi

(1971) have taken this step in a paper in which they adjust the weight of the strong-line param-

eter in (Zachor's) Eq. (381), thereby adding a fifth parameter to the set constructea by Zachor.

Thus, in Eq. (381), letting:

x =, /w, y = I/In Ta, and z = -1/fn r* (394)

there results for Zachor's model:

z 2 = (1/K 2 )x2 +Yy2 _(M/K)XY (395)

in which the parameters n and C are implicit in y2. This second-degree polynomial is made

more general by incorporating an adjustable parameter for the coefficient of the y2 term. Thus:

z2 =BwX2 +Bsy 2 +Bws:Y (396)

where Bw and Bs (weak- and strong-line parameters) are positive and B2 <B B.. The reader
is referred to the paper by Gibson and Plerluissi (1971) for the details in the determination of

n, C, B w, Bs and B ws In their paper are listed these parameters for CO 2 for frequencies from

550 to 9950 cm"1 derived from the transmittance tables of Stull, Wyatt and Plass [2551 auid

Wyatt, Stull and Plass [ 256], in spectral intervals averaged over 50 cm.

In a later paper Pierluissi (1973) published a partial list of the same parameters for 092

at 296 K averaged over 5 cm°1 intervals, derived in this case from the experimental data of

Burch, Gryvnak and Patty (1964). The partial listing of parameters covering the CO2 spectral

region from 4795.0 to 4905.2 cm1 is reproduced iL Table 50. Comparisons are made in

Table 50 between the 5-parameter model by Gibson and Plerluissi and those of Zachor and

Mayer-Goody. Included also are resulta using modified versions of the Mayer-Goody and
Elsasser models. Flgipre 101 is a plot of the spectrum calculated from the 5-parameter model,

compared with the results of experimental data.

255. V. I. Stuli, P. J. Wyatt and G. N. Plass, "The Infrared Transmittance of CO0," Appl.
Opt., VoL ., No. 2, February 1964, pp. 243-254.

256. P. J. Wyatt, V. R. StMH and G. N. Plass, App. Opt., No. 3, 1964, p. 229.
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SYMBOL. P* (ATM) w(ATM.Ctd)

AF 10.0100 25.0
w 1.0000 350.0
L 0.1001 3320.0
H 0.1500 9940.0
1 0.3000 9950.0
G 1.3000 22900.0

00

z 00

a :.*40
#A

22

4800 4810 4840 4860 40880 4890
WAVE NUMBER (CM- 4)

FIGURE 101. MEASURED (-) AND CALCULATED (-0-)
TRANSMITTIANCE FOR C02 BAND (rieproduced from

Plerluissi, 1973 [261.)
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8.3 POLYNOMIAL REPRESENTATION OF SMITH

Smith (1969) introduced a polynomial representation of carbon dioxide and water vapor

transmission starting with the basic concepts of absorption, unembellished by conventional

model techniques. Starting with the basic expression for the Lorentz line, he invoked Goody's

(1964) approximation calling for a pressure-temperature-independent value of 2, giving.

T1 = exp 5 (397)

which, upon substituting:

aL = aLi J(PO T)

gives:

T =exfL ) i (398)

where:

Xi =a Li(V- Vi)2 + &2

If the assumption is made that Si azid X are uncorrelated, true for the random models but also

validated for a regular model for which S const, then:

w (p' T/•0
1"1:e xp - -W- (-P ) V --- OvLSi( 39 9)

where: 0, = EX , and N;, is the number of lines counted at v. Justifying other assumptions on

the basis of earlier work f 2571, Smith obtains:

Smt

257. K. Ya. Kondratyev and Yj. M. T zmofeev, "Tne Applicability of Approlmation M)jhods
for Introducing Inhomogenetties into Calculations of the Transmission Functioxis of the
Rotational Band of Water Vapor," Atmospheric and Oceanic Physics, Vol. 3, No. 3,S~1967, pp. 236-244.
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where: m is a constant and S is the mean line intensity under standardized conditions. The
V0

result is:

r- wPn+m 1

TV = exp V wPT (401)

n*,m

with: ýV = S0vSvh/PoT 0 . The next step in generalization is to gener'.Jize the exponents

of w and P a6 well as T to obtain:

TV = exp [aVw P VTV (402)

which, in the taking of logarithms, yields:

-in 7V =,-w V P VT v

and taking a second logarithm yields:

,n InTr)=InaV +bV nw +c In P+d,,nT (403)

where, as above, T* is an approximation to the actual (measured) value of T The difference

between the value of Eq. (403) for T* and the actual value (using T V) is:

fit-n •' =In (-fn 7.) + R (404)~V) = V

the residual term R V being extended as far as necessary to make the two values as close P.s de-

sired. Smith's expansion, applied in 5 cm"1 -intervals to the 15 jim CO2 data of Studl, Wyatt

and Plass (1963) and the rotational H2 0 data of H. J. Bolle of the Meteorological Institute of

the Unlerslty of Munich (by personal communication to Smith), yields the expression:

W(AV) = C0 (Au) + CI(&v)X + C2 (&v)Y + C3 (Av)Z + ..

+ C (,V)Xmymzm (405)

where:

W(v)= In (-In r Ad;

y=In(ri)

(Y~73 K)
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Smith has found that a nine-term expansion (Ci = 1, 2 .... ,8) produced the most sigr.ifi-

cant parameters needed from the residual term to produce reasonable agreement with experi-

mental (ortheoretically protluced)data. Twotables of data werederived, onefor H20 and one for

CO 2 , based on the atmospheric parameters in Table 51 pertinent to the fitted data. The lists of coeffi-

cients for the nine ternis used in the expansion are shown in Table 52 for rotatibnal Hl2 vapor and in

Table 53 for 15 pm CO 2 . Unfortunately the data of Stull, Wyatt and Plass exhioit certain dis-

crepancies, claimed by Smith, and apparently found also by Young 1258!. A comparison -"f the

calculated andl experimental absorptance data, shown in Figure 102, points out the fact that dis-

crepancies do exist. Similar discrepancies show up in otherwise well-fitting data in comparison

between calculated and experimentally ootained upwelling radiance, as demonstrated in Figure 103.

Comparison between transmittance spectra for H20 calculated by Bolle and those calculated by

Smith from the polynomial model is :1iown in Figure 104, w.iile a con parison with the experi-

mental data of Palmer 12591 Is given in Table 54.

Calculation of r AV is obtained from:

TAV = exp [-exp (W)) (406)

where

8
W = • C iA i

i=0

in which the C 's are given in Tables 52 -.nd 53 and (see Eq. 405):

A0 = 1.0;AI = X A2 = Y; A3 = Z

A4 = XY; A5 = XZ; and A6 =X2

for both CO 2 and H20. Then, for CO :

2 ~ 22

A, = X2Y; and A= X7

and for H2 0:

A7 =X
2 Z; andA 8 =yZ2

258. L. G. Young, "Comments on Accurate Formula for Gaseous Transmittance In the
Infrared," Appl. Opt., Vol. 11, No. 1, 1972, pp. 202-203.

259. C. H. Palmer, "Long Path Water Vapor Spectra With Presa%.re Broadening, 1: 20 -
21.7," J. Opt. Soc. Am., Vol. 47, 1957, p. 1024.
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TABLE 51 PRESSUTtES, TEMPERATURES AND PATH LENGTHS OF

TABULATED TRANSMITTANCE DATA. (From Smith, 1969 [24].)

Pressure Temperature Path length

002  H2 0 C02 H2 0 002 H2 0

Atm. Atm. OK. OK. Atm. cm. Preclnltable cm.

1.00 1.0 3N0 300 500.0 5.0

0.50 0.5 250 260 200.0) 2.0

0.20 0.2 200 220 100.0 1.0

0.10 0.1 - - 50.0 0.5

0.05 - - - 20.0 0.2
0.02 - - - 10.0 0.1

0.01 - - - 5.0 0.05

-- - - - 2.0 0.02

- - - 1.0 0.01

"- - 0.5, 0.005
"" " - - 0.2 0.002

-- -- - 0.001
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TPxLE 52. EMPIRICAL ABSORPTION COEF FICIENTS FOR WATER VAPOR.
(From Smith, 1969 [241.)

Frequency'c c0 711 0  'o x
(cm-i ~ ' ~ I-5~.error

202.5 6.1218 .9142 .901] -. 4376 .14956 0 .181[4 0 0 0.3
207.5 6.1750 1.0287 .976L4 0 .51409 .0989 .2L-40 0 0 0.6
212.5 5.60914 .9578 .9160 0 .5039 -.081• .2266 0 0 0.5
217.5 14.8955 .9880 .9591" 0 .4072 0 .1177 0 0 0.8
222.5 5.372? .8413 .6257 1.2625 .3251 -. 2771 .1391 -.1lU5 0 0.5
227.5 14.8715 .68L48 .6620 0 .2161 .0097 .0952 -. 0131 1.0950 0.3
232.5 3.8296 .6L492 .66191 0 .1255 -. 20476 .0096 0 6.9852 0.7
237.5 |4.0639 .9648 .9847 0 .1809 0 0 .2738 0 0.6
242.5 3.8635 .8289 .7714-. 0 .3037 0 .15L2 .1957 5.033L 0.9
207.5 5.14739 .7970 .7i56 2.1261 .23149 [.1997 .1'09 .37o8 0 0.4
252.5 5.5674 1.0058 .9283 0 .5286 -. O611 .3032 0 0 0.6
257.5 3.5271 .5908 .6273 0 .1128 -. 1407 -. 1135 0 0 0.8
262.5 1h.2338 1.0235 1.0361 .5353 .5418 -. 0352 .0699 0 0 0.7
267.5 3.0032 .6309 .61614 .4302 .2136 -. 1506 .0892 0 0 1.0
272.5 3.906L .8762 .8960 .3703 .2857 -. 2616 0 0 11.7741 0.7
277.5 14.0603 .A581 .5423 0 .01430 -. 211L -. 1271 .18314 0 0.7
282.5 3.9666 .6008 .5625 1.3724 .1139 .0731 .0522 0 0 0.5
287.5 14.538) .9895 .8969 .9405 .6686 0 .3052 0 0 0.7
292.5 3.4817 .8052 .7685 1.0741 .2127 0 .1061 0 0 0.9
297.5 3.70495 .8629 .8675 11io67 .14929 -.11472 .1056 o 0 0.7
302.5 14.1469 .72214 .6912 1.3678 .3165 0 .1193 0 0 0.5
307.5 3.8072 .87114 . 4022[1.h930 .3570 0 0 0 0 0.7
312.5 3•14957 .9707 .89Lo01.61149 .7A,5 0 .28514 .1295 0 0.6
317.5 3.5555 1.0590 .969L 1.3177 .(ub8 .0567 .3522 0 0 0.5
322.5 3.4924 .7124 .6683 1.00614 .3905 C .1392 0 0 0.5
327.5 4 1225 .7887 .7L,97 1.8633 .3729j .0722 .1516 0 0 0.7
332.5 3.6888 .9455 .8726 I.4606 .5094 0 .2220 -. 2487 0 0.8
337.5 3.5936 .9852 .88?2 1.0675 .7393 0 .33148 -. 1585 0 0.6
342.5 3.1583 .7363 .7093 1.6959 .33814 .0346 .1185 0 0 0.(,
3147.5 3.2042 .8207 .7648 1.5694 .5751 0 .1980 0 0 0.6
352.5 1.7227 .8590 .79?1 2.5143 .4153 0 .1961 -.10314 0 0.7
357.5 3.1130 .5768 .5826 1.6107 0 .o556 -. 0328 0 0 0.7
362.5 2.5079 .9242 .9058 1.6898 .50149 0 0 .2292 0 0.8
367.5 2.200LI .8052 .7417 1.3649 .5537 0 .196h4 0 0 1.3
372.5 2.9026 .73142 .6751 1.7771 .3578 0 .1517 0 0 0.8
377.5 2.3168 .5871 .5786 1.7172 .2019 -. 1343 0600 0 0 1.2
382.5 2.2132 .7155 .6467 1.58140 .1417L, 0 .10497 0 0 1.1
387.5 1.97L2 .7330 .6939 1.1260 .3095 .2008 .1552 .021 -6.3470 1.6
392.5 2.1226 .7255 .6879 2.1168 .3257 -. 109, .1478 0 0 0.9
397.5 3.5291 .6982 .6678 2.4057 .2918 .0o462 .0977 0 0 0.7
102.5 L.8393 .7860 .7293 2.2630 ."324 .n15o .2125 .0475 0 1.4
L07.5 1.4888 .9428 .9105 2.0498 .6569 -.1145 .0218 0 0 1.0
412.5 1.5987 .9750 .9429 1.4218 .6512 -. 10439 .02014 0 0 1.1
41-7.5 ]2,1667 L.4856 .15?7 1.11492 .n137 - .0894 .01l1 0 0 2.0
422.5 2.5673 .6986 .6758 2.7325 .1866 .1562 .0325 .3342 0 0.7
627.5 1.6873 .7293 .6967 1.285L .5759 0 o6o7 -W4138 0 1.3
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TABLE 52. EMPIRICAL ABSORPTION COEFFICIENTS FOR WATER VAPOR.
(From Smith, 1969 [24J.) (Continued)

_Fre1quencyc chxlo I c c~xio :7xo l~a

432.5 1.6176 .7252 .6952 1.3610 .5026 0 .0711 0 0 l.C
437.5 1.6237 .7975 74701 2.U56 .4392 -. 3088 .179 0 0 0.6
442.5 1.9632 .6293 .6136 1.2863 .3189 0 .0558 0 0 0.9
447.5 1.4718 .7564 .7010 2.8388 .6191 -. 2990 .05Lh .2790 5.2110 1.1
4`52 1,7591 .7715 .7163 2.7152 .5552 -. 1637 -0638 .1725. 3.0805 0.7
457.5 2.2759 .6790 .6232 1.6932 .3735 .0797 .!014 0 0 0.d
162.5 1.3413 .8111 .7501 2.3745 .5334 -. 3210 .0833 .2130 6.8252 0.7
467.5 I14O35 .7618 .6937 2.461o .6784 -. 3545 .0104 .3859 2.6821 0.9
472.5 1.9396 .65W0 .6059 1.4577 .3822 .0231 .1124 0 0 1.3
477.5 .9939 .8646 .8111 1.868h .5137 -. 36Q9 .!051 .5305 16.0593 0.9
482.5 1.41496 .6708 .6215 1.1994 .3321 .0669 .0691 0 0 0.7
487.5 1.0059 .8310 .751c 1.9138 .6o45 -. 3o55 .o469 .5665 14.7211 1.1
492.5 1.1967 .6830 .6690 2.2477 .5734 -.1047 .0257 .2G90 0 1.4
497.5 .4625 1.0025 .9270 1.9155 .5779 -. 0633 C 0 0 0.7
502.5 1.7019 .7317 .6852 3.4872 .442 0 .1091 0 .3921 0.8
507.5 1-3500 .7110 .6813 2.03114 .4018 0 .1015 0 0 0.8
512.5 1.0144 .75814 .6897 3.6419 .7208 -. 4356 -. 1145 .3452 4.3500 1.2
517.5 1.9939 .6404 .6237 3.h4130 .3857 0 0 0 -. ,)615 0.9
522.5 .9659 .8832 .8170 3.U,62 .5265 0 -.1o85 0 0 0.9
527.5 .9526 .6237 .5793 2.b)008 ,21421 0 .0692 0 0 0.8
532.5 .1357 .8832 .7762 2.7012 .4390 -. 5505 -. 0961 0 37.4780 0.8
537,5 .6216 .7386 .66L45 2.0522 .6975 0 0 0 0 1.2
542.5 .5969 .8461 .7347 ].?532 .6477 0 0 0 0 0.9
547.5 1.4393 .6638 .6326 2.6433 .5921 0 0 0 0 1.5
552.5 .6297 .7306 .6532 2.1938 .6557 0 0 .4194 0 1.3
557.5 .0977 .8421 .7290 2.3145 .5239 -. 3976 -. 1518 0 13.2521 0.8
562.5 .3250 .7951 .6907 1.3819 .7604 0 0 0 0 1.1
567.5 1.0674 .6348 .6022 1.3758 .4387 0 0 -2679 0' 1.1
572.5 .4668 ,2550 .7523 3.2109 .5747 -. 5758 0 0 20.4500 0.9
577.5 .7•31 .7151 .6861 2.935a .4528 0 .1002 0 0 0.8
582.5 .8434 .6420 .5703 e.7075 .5805 0 0 .6374 0 1.9
587.5 .0030 .9233 .,8748 3,M166 0 -. 18;9 -. 0702 0 0 0.7
592.5 1.1164 .6576 X6091 2.14o2 .6297 .1755 .0241 .5418 -4.5(06 2.0
597.5 .2369 .7363 .7'74 2.8881 o -. 2370 -. 1633 0 0 1.2
602.5 .176", .6831 .6424 2.8o55 .6562 -. 1720 0 .5876 c 1.3
607.5 .6216 .9947 .8931 2.07014 .3317 -. 1440 0 0 0 0.5
612.5 -. 0405 .8616 .7101 l..4924 .8775 0 0 0 0 0.9
617.5 .3722 .6929 .6360 1.8036 .607 0 0 .2005 0 1.1
622.5 .1257 .7646 .7079 2.9373 .592 -. 5085 -.1067 .214 20.1896 1.1
627.5 .0336 .6296 .5867 2.o144 .50o,6 0 0 .5117 2.8412 1.5
632.5 .0114 .7898 .7005 3.0840 o 8.9j-.355 0 0 2.0618 0.9
637.5 .6751 .6999 .6284 2.5580 .66? " 0 0 1.6243 -. 9255 1.2
642.5 .1658 .7703 ,6617 )i.227 .!09 0. J.3665 0 1.3
61475 -.W88 .8729 ,7'498 1.3178 ,6925 0 -1530 0 0 0.7
652.5 -. 6415 .8613 .7676 1.5691 1.0389 -. 5763 0 0 12.1192 1.1
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TABLE 52. EMPIRICAL ABSORPTION COEFFICIENTS FOR WATER VAPOR.
(From Smith, 1969 [241.) (Cou.cluded)

Frequency .~.(cm_1) COI C1  02 C3  C4xlO C5 C6xlO C7x10 C8xlO error

657.5 -. 1863 .5866 .5879 .9039 .7812 -. 2625 -. 19V6 .2767 3.2135 2.0

662.5 -. 3255 .8684 .7576 1.3227 .7789 0 0 .3708 0 1.0
667.5 -. 1770 .7475 .6674 .9509 .7456 0 0 0 0 1.2
672.5 -.2946 .7933 .648' 2.0613 .9300 -. 1035 -. 1658 0 2.3320 1.0
677.5 -. 6o08 .8069 .7206 1.2687 .9204I -.. 2858 -. 1060 0 0 1.1
6M2.5 -1.21561.0442 .9708 .2732 .2229 -. 0567 .1363 0 0 0.7
687.5 .03h4 .7086 .6034 1.8627 .5647 0 0 .8283 9.4146 1.5
692.5 -. 1431 .6964 .6444 2.1392 .8160 -. 4796 -. 1772 0 6.5367 1.4
697.5 .0802 .6968 .6318 2.1108 .8782 -. 2j94 -. 1659 .3327 0 1.4
702.5 -. 5850 .8702 .7589 2.3439 .8826 -. 59U6 0 0 18.8005 1.1
707.5 -. 0010 .6293 .5967 1.3822 .7426 -. 2653 -. 197h .1168 0 1.6
712.5 -. 5983 .7290 .6020 1.8982 .7491 -. 6156 -. 2065 0 19.1300 1.1
717.5 -1.2443 .9860 .8534 .6712 .3676 -. 1938 0 0 0 0.6
722.5 -i.2809 .9800 .8618 1.0699 .6606 -. 3200 0 0 0 0.8
727.5 -. 9128 .7659 .6462 .7983 .6223 -. 5689 -. 1932 -. 3856 15.2976 0.8

732.5 -. 8131 .7871 .6877.11.19 .9877 -. 4306 -.1490 -. 5300 0 0.9
737.5 -1.415 1.0079 1.0109 0 0 0 0 0 0 0.3
7A2.5 -. 2006 .7076 .6073 13.2)32 .82W)4 -. 5402 -. 1921 0 0 1.2
747.5 -. 8597 .8564 .7451 1.1123 1.14oo -.2107 -. o685 o 0 0.7
752.5 -. 6852 .7274 .6021 2.0420 .7252 -. 8034 -. 2399 -. 6718 13.6298 1.0
757.5 -1.2160 .9611 .8279 1,79&5 .5220 -. 6282 -. 0120 -. 7092 9.8989 0.9
762.5 -1.5561 1.0101 .816' 0 .6c95 -. 0926 0 0 U1.0942 0.4
767.5 1.2170 .9208 .7144 .610o .9037 -. 1291 -. o574 0 0 0.6
772.5 1.341,1 .9220 .7982 1.1841 .7038 -. 6788 -. 0429 -. 5950 10.3903 0.5
777.5 -. 6800 .7769 .5818 2.25146 .7059 -. L601 -. 2203 0 24.2264 0.9
782.5 -1.0037 .7783 .6493 .9905 .9013 -. 5305 -. 1597 -. 2272 12.1159 0.7
787.5 -1.5633 1.0068 .9896 0 0 0 0 0 0 0.3
792.5 -1.2125 .8780 .7274 1.7113 .6813 -. 7937 -. 0675 -. 5651 18.8107 0.7
797.5 -. 2592 .6565 .5666 2.2703 .67381-.3331 -. 2699 0 0 1.2
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TABLE 53. EMPIRICAL A3SORPTION COEFFICIENTS FOR CARBON DIOXIDE.
(From Smith, 1969 [241.)

"Frequen"cy-- - - -

(a-.D) 1 Ci C2 03 C4x1O C5 C6xlO C7XlO C8xl0 error

5o.5 -12.5563 1,2519 o0 0 -. 7329 0 0 .9227 .4650 0.2
512.5 -.9.0648 0 0 0 -1,3531 .4108 1.2205 1.4860 0 0.2

517.5 -9.1621 0 0 3.02047 41.3506 0 1.3428 1.6523 0 0.3
522.5 -7.5255 -.5054 -. 2076 3.1339 0 0 1.8291 1.8728 0 0.3
527.5 -7.8368 0 0 0 .7787 1.1912 1.2167 0 0.4
532.5 -11h4741 1.3374 .1906 3.5957 0 0 0 1.9534 0 0.4

537.5 -7.9647 0 0 3.5359 0 0 1.2409 1.3978 0 0.5

542.5 -8.7M90 .7699 0 &.4472 -. 4690 2.7900 .4769 1.9071 3.3903 0.6

547.5 -9.1824 1.1398 0 1.7502 0 2.3209 0 L.0606 .8910 0.6

552.5 4o0.2269 1.2544 0 4.8560 0 0 0 1.4981 0 0.8

557.5 -8.1479 .51o4 0 0 0 2.1621 .7902 L.Ull& 2.0992 1.2

562.5 -8.2175 .7508 0 8.0119 0 -.1,037 .5557 l .)920 0 .6

567.5 -8.0988 1.1254 -.0707 7.8956 .4621 0 0 .6407 -. 5619 1.1

572.5 -6.9298 .8914 0 6.6812 0 .4478 .2279 1.2015 1.1620 0.9

577.5 -6.2296 .9875 0 6.9821 .3299 0 0 .6158 -.6665 0.6

582.5 -5.6500 1.0686 .0281 6.2319 .3985 0 -. 1791 .5241 -. 6194 0.6

587.5 -4.8285 .9965 .0969 5.11455 .6422 -. C355 -. 2150 0 -.-Z157 0.7

592.5 -4.O01O .9665 .1516 4.2198 .623 -. 0579 -. 2806 -. 1882 -. 3566 0.7

597.5 -3.4122 .9520 .1649 4.3297 .5547 -. 3231 -. 2286 -.1121 .2233 0.8
602.5 -3.2484 .8980 .2463 3.0533 .72L1 -. 2081 -. 2458 -. 4735 .2096 0.8

607.5 -3.2611 .8686 .26L5 2.5396 .6400 -. 1455 -. 1883 -. 3600 .1449 0.8
612.5 -3.3509 .9495 .2150 2.77:3 .7070 -. 1834'-.239h -. 3601 .1682 '.X.
617.5 -.15126 .8122 .2711 2.7253 .6160 -. 3039[-.178 -. 7887 .3') 1-h
,22.5 -3.9530 .8463 .2533 2,8342 .6691 -. 28701-.3243 -. 5338 .1959 1.0

627.5 -2.1364 .9037 .2648 2.5698 .8027 -. 2002 -. 3121 -.6357 .1305 0.7

632.5 -1.5385 .8461 .3189 2.1161 .7001 -. 1432 -.2476 -. 55014 .10'59 3.7
637.5 -1.0136 .1563 .3827 1.4426 h4969 -. 0675 -. 1575 -. 3489 oO540 o.4

6u2.5 -. 5586 .6964 .4134 1.0127 .3247 0 [-.1025 -. 1676 -. 0434 0.3
607.5 -. 0136 .7252 .4053 .6414 .3872 .03391-.1753 -. 3o5u -.0781 0.5
652.5 .oo36 .6937 ,45ol .0877 .3590 .018N!-.0761 -,1956 -.o7145 o.6

657.5 -. 1114o .6918 L4622 -,06g. .3664 0 0 -. o950 0 0.6

662.5 .2529 .6475 .4216 -. 361,- .23L8 .0506 -. 0542 0 -. 0645 0.6

667.5 1.3638 .5246 .4340 .0297 .0662 -.0393 -. 0503 -. 0057 .0695 0.9
672.5 .3700 .5234 .3970 .1252 .2322 -. 0779 .3301 .1827 0 1.4
677.5 .0693 .6726 .4955 -. 1532 .3386 .o-141 .0078 -. 1429 -. 0238 0.7
682.5 .0160 .6533 .4873 .0948 .2865 .0179 .0028 -. 1026 -. 0338 0.5

687.5 -. 2339 .6633 .4764 .5516 .2986 .023e .0071 -.0737 -. 0520 0.5
692.5 -. 5269 .6672 .4586 1.0241 .3113 0 -. 0153 -. 1029 0 0.5

697.5 -. 9326 .6943 .4371 1.5664 .3741 -. 0096 -. 0634 -. 2023 -. 0233 0.7
7.32.5 -1.14106 .7520 .381L 2.2672 .4940 -.084 -. 1173 -.310 .0301 0.7

707.5 -1.9623 .8219 .3270 2.8036 .6731 -. 2118 -. 1992 -. 488 .1569 0.9
712.5 -2.54.0o .8790 .2863 2.9180 •7776 -. 25 6-.2124 -. 54, .2821 0.9

717.5 -1.(850 .8043 .2803 2.9613 .6098 -. 263 -. 3415 -. 581 .1779 1.0
722.5 -1.4270 .7581 .3052 2.4273 .5335 -308 -. 472 -. 805 .2170 1.5,
727.5 -3.3026 .8857 .2736 2.4157 .7142 -. 108 -. 18214 -. 339 .1325 0.8
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TABLE 53. EMPIRICAL ABSORPTION COEFFICIENTS FOR CARBON DIOXIDE.
(From Smith, 1969 [241.) (Concluded)

frequency , R.
Co C.1 C2 C3 ClCrO C5 % 0 7XO ,02 C8x1O error

732.5 -2.9767 .8424 .2938 2.4131 .6911 -. 1974 -. 1977 -.4364 .2716 o.?
737.5 -3.0163 .8741 .2597 3.1367 .6681 -. 1230 -. 2305 -.-h251 .1214 1.")
7A2.5 -3.1692 .9078 .2253 3.928t .6231 -. 1710 -.2981 -. 3541 0 0.7
747.5 -14.0990 .951h .1827 14.3132 .8807 -.2173 -. 2716 -. 4737 0 0.7
752.5 1-4.6736 .9831 .3a80 15.3603 .6576 -.01.90 -.2236 0 -.,4328 0.7
757.5 .- 5.7219 .9980 .0484 7.2h90 .3511 0 -. 0874 .6o46 -. 683o 0.6
762.5 -6.614 .9978 0 8.01478 .4330 0 0 .5637 -. 7565 0.7
767.5 -7.U21 1.0581 0 9.1331 .4566 o 0 4.1869 -. 8853 0.8
772.5 -7.8763 .8391 -. 0351 6.5719 .1215 .6383 .4162 1.2539-1.1983 1.5
777.5 -8.3537 .8692 -. 0o4.1 7.3879 0 0 .3817 1.492L -.5194 1.1
782.5 -9.01o .9830 -.0311 2.0357 .1224 1.8100 .2775 1.41382.2558 0.8
787.5 -7.414146 .9695 0 14.903 .2164 iL.ugo6 0o .5778-1.8784 0.3
792.5 -7.1057 .9791 0 6.0877 0 .6197 0 .9747-1.4249 0.5
797.5 -7.1605 .5334 .2257 .04273 0 6.8167 .921 0 .17.4102 1.1
802.5 -8.8450 1.0065 ..4•6.S4 3.2588 1.5741 I-.831n .0973 -. 05314 0 0.4
807.5 -7.7652 .5169 0 0 0 I2.51OO .5956 ,•I.1644 .8153i 0.3
817.5 -9.4568 1.030h 0 6.)1498 o0 0 1.01614 0 0._
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TABLE 54. COMPARISON OF EXPERIMENTAL AND ZMPIRICAL TRANSMITTANCES. (From
Snith, 1969 [241.)

Spectral Transmittance
interval H20 Pressure(CM-lý I•,P I l--y--

G,/cm 2  Atmn.

200 - 250 0.0030 0.0273 0.781 0.803
200 - 250 0.0140 0.2690 0.213 0.215
200 - 250 0.0350 0.2760 0.075 0.103
250 - 300 0.0025 0.0280 0.869 u.882
250 - 300 0.0071 0.2530 0.477 0.521
250 - 300 0.0270 0.2690 0.217 0.261
250 - 300 0.1320 0.3270 0.003 0.022
290 - 340 0.0025 0.0280 0.914 0.913
290 - 340 0.0071 0.2530 0.608 0.635
290 - 340 0.0270 0.2690 0.339 0.373
290 - 3140 0.1320 0.3270 0.024 0.050
320 - 370 o.oo04  0.0300 0.872 0.886
,20 - 370 0.0077 0.2670 0.590 0.612
320 - 370 0.0330 0.2750 0.323 0.352
320 - 370 0.13140 0.3170 0.075 0.110
360 - 410 0.0041 0.0300 0.928 0.936
360 - 410 0.0077 0.2670 0.769 0.782
360 - 410 0.0330 0.2750 0.576 0.576
360 - 410 0.1340 0.3170 0.255 0.320
410 - 460 0.o0o4l 0.0300 0.939 0.947
410 - 460 0.3077 0.2670 0.830 0.831
410 - 460 0.0330 0.2750 0.666 0.672
410 - 460 0.1340 0.3170 0.361 0.14)5
450 - 500 o0.o41 0.0300 0.968 0.968
450 - 500 0.0077 0.2670 0.903 0.899
450 - 500 0.0330 0.2750 0.765 0,787

450 - 5W 0.1340 0.3170 0.489 0.570
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as

(a) Equivalent pressure - 768 mm Hg; Optical mass - 12.6 atm cm

'0,

(b) Equivalent pressure - 67.2 mm ig; Optical mais - 1264 ,#t n cm

'- ,i•: - - I

.0,.

(c) Equivalent presst:re - ;5.6 mm Hg; Optical mass - 6.3 atm cm

FIGURE 102. COMPARISON BETWEEN EXPER-
IMENTAL (BURCH ET AL.) AND CALCULATED
(DRAYSON AMD YOUNG) TRANSMITTANCE
SPECTRA FOR CO 2 AND TRANSMITTANCE SPEC-
TRA DERIVED FROM THE EMPIRICAL TRANS-
MITTANCE CO•FFICIENTS GIVEN IN TABLE 53.

(Reproduced from Smith, 1969 [241.)
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FIGURE 104. COMPARISON BETWEI N TRANSMITTANCE SPECTRA FOR g 2 0

CALCULATED BY BOLLE AND TRANSMI T7TANCE SPECTRA CALCULATED
i FROM THE EMPIRICAL TRANSMITTANCE COEFFICIENTS GIVEN IN TABLE 52.

S~(Reproduced from Smith, 1939 f 24] .)
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It is interesting to compare qualitatively the models given by Smith and for LOWTRAN 2.

Prior to the logarithmic extractic, of Eq. (402), the comparisons would whow for a given center

frequency, v:

Smith: r = exp [-awbpCTdI which, for T = const,

becomes -r = exp [-aw"PCJ ; and

LOWTRAN: 7" = f[cw Pn.

The similarities are striking, although actually the comparison is not complete, because Smith

takes the next step and produces a polynomial to which he adds a residual term to account for

differences between the model and the real world. In this case, it would be more appropriate

to compare his model with the (less parameter-studded) models of Zachor and Gibson a.d

Pierluissi, although a direct comparison is not possible without the resources needed to compile

band-model parameters for each model in common spectral regions, especially where the model

is put to the severest test.
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9

LABORATORY MEASUREMENTS, FIELD MEASUREMENTS AND THE
RESULTS OF CALCULATION FOR ABSORPTION

9.1 LABORATORY MEASUREMENTS

In the original state-or-the-art report (Anding, 1967) on atmospheric transmittance,a

group of laboratory measurements were cited for the purpose of referring the user to original

laboratory data which could be used for developing band-model parameters. It would be

impossible, or at least impractical, to attempt to cite the innumerable measurements that

were made up to the time of Anding's report (1967), or have been made since then. For this

report, laboratory measurements are regarded as providing: (1) experimental data on line

and band parameters which cz.n be used in a compilation of line-parameter data; and (2) a

variety of experimental conditions under which measurements are made, to produce a reliable

data base for empirically fitting data to band--model functions and ultimately determining

the reliability of band-model parameters.

The reference list of investigations cited in the Bibliography, and used for the compilation

of line parameters, represents an excellent cross-section of important laboratory data. As

appropriately indicated by Anding (1967), the range of values of experimental parameters

should be commensurate with the range expected in actual calculations. Table 55, reproduced

from Anding (1967) indicates the values used in some laboratory data on which he compiled

information. Selby (1974a) has summarized another sinificant number of measurements in

a table which is reproduced here in Table 56. These are cited by Selby as the important

laboratory transmittance measurements which have been used as a basis for the majority of

atmospheric transmittance prediction schemes. As would be expected, there is a slight over-

lap in Tables 55 and 56, with the first leaning toward earlier measurements and the second

leaning toward later mcasurements. Neither is comnplete, and the reader should consult the

literature for a fullor representation of laboratory measuremeuts.

Missing from bfth tables is a set of data accunmlated 1)y Goldman, Bonomo, Williams and

Murcray [274i and Goldman, Kyle and Bonomo (1971) on HNO 3 . The first reference gives a

set of data on the 21.8 gm bands at 7 cm" 1 resolution on pure HN0 3 vapor at 40 0 C. The cell

length ranged from 0.5 to 9.94 cm. Pressures varied from a few mm Hg to near saturation.

The second reference gives data on the 5.9, 7.5 and 11.3 pan bands of pure HNO 3 at a re3olu-

tion of approximn.tely 0.5 cm'l. The cell length was 9.94 cm and the pressure was 4.6 mm Hg.

In this refcrence, tables of band-model parameters are also reported.

274. A. Goldmki,, Bor,.ono, Wiiia•,n and Murcray, Private communication, 1974.
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TABLE 56. SUMMARY OF LABORATORY TRANSMkTTANCE MEASUREMENTS, (Frorw Selby. 19741252].)

path Pressure
Wavelength Resolution Absorber Length Partial Total Broadening

Origlnrtor Ref. Absorber microns cm"
1  

Concentratlon m mm Hg mm Hg Gas

Howard, et at., 12401 CO2  1.4,1.6,2.0, 50-200 I-I000 atm cm 88-1400 1-50 1-740 N2
(1955) 2.7,4.3,5.2.

is
Koatkowaki ( "61] CO2  0.4,10.4, 2-5 3-320 atm cm 3.28 7-740 370-740 N 2
(1955) 12.6,1

Edwards (1980) [2621 CO2  1.4,1.6,2.7, 20-250 0.5-1225 at.t 0.388,1.29 38-760 380-7600 N2
4.3, 4.8, 5.2, cm
9.4,10.4,15

Burch, et al., (2341 CO 2  2.7, 4.3,10, -5 0.01-11,200 0.0155-32 0.26-2920 0.".-3800 N2
(1962) 15 atm cm

Butch, Gryvnak, [1231 C0 2  21-1.4,1.6, 2, 0.3-2.5 0.08-8.4x10
4  

4-433 0.005-1920 0.005- N2
and Patty(1964- 2.7.4.3 atm cm 11,000
68)

Howard, et al., [240] H20 0.94,1.1. -100 0.001-3.8 pr 88-1936 2-28 2-740 N 2
(19551) 1.S, 1.87 cm

Dew (1956) 12641 H2 0 4.2-23

Bell (1956) [2651 H20 22-200 2.5 4,l2"5 - ex 0.125-2.06 3.8-10 760 Air

Yaroslavskil [2661 220 20-2500 19-3 0.007-0.0079 7.5 !0 760 Air
(1959) pr cm

Izatt (1060) [2671 2220 14.5-21.05

Palmer (1980) [268] H20 20-40 3-8 0.C141-0.143 196 0.015-0.7 0.015-61 N2
pr cm

Burch, et al., 1 234, H20 1.87, 2.7, 6-20 0.0017-0.109 0,0155- 2.8-22.5 2.8. 775 N2
(1962) 6.3 pr cm 48.?5

Burch, Gryvak 1269] H220 0.69-1,98, 0.4-1.75 0.0017-3.1 4-933 4.16. s467 134-7530 N2
and Patty (1965- 2.7,4.4- pr rm
.3) 6.3

Burch, 04 al., [2341 N20 3.9, 4.06, 4,5, 6-20 1.6.104 - 0.0155-1A 0.09-76C 1-3035 N2
(190•2) 7.5.8.6,1.8, 359 atm cm

14.5, 17

Burch, et al., [270] N2 1.5-:..5.4.2- 0.2-2.2 0.04-605 atm 0.011-900 t).07- 47-10,000 N
(1971) 13.2 cm 10,000

Burch, et al., 12341 CO 4.7, 2.35 15-20 9.6x10"
4 

- 0.0155- 3-3000 3-3000 N.
(1962) 1140 atm cm 48.75

Burch, et al., [1234 CE 4  3.3, 6.45, 10-25 0.015-188 0.0635-16 1.52-100 3-3000 N
(1962) 7.7 atm cm

Summeifleld 12711 03 9.6 -25 0.02-0.5 atm 0.90 0.15-4.2 6-760 02
(1941) Cm

Gutowsky and 12721 03 4.5 and 9.6 -10 2.7 atm cm 0-1,0.4 100-200 100."60 02
PetOrson (1950)

Wilsom and [273] 03 9.6 -10 0.27 atm cm 0.04 50-760 50-'160 02
Ogg (1950)

Walthaw (1957) [133) 03 9.6 6.5 0.03-1.5 atm 0.065,0.35 (. 5-33 10-760 Dry ALr
cm

Mccaa and 11341 03 3-15 3-40 0.009-36.7 0.4, 32 0.002-800 15-1600 02
Shaw (19C•3) atm cm

Butch (1970) 1189] H20 8.5-12 5.48x-022 1181e 14.2 14.2
cont. mol/cmn

2

(T- 296K)
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Peferences to Tables 55 ind 56

260. L. A. Abels, A Study of Total Absorption near 4.5 by Two Samples of N20, As Their
Total Pressure and N2 0 Concentrations were l.depender:tly Varied, Scientific Report
No. 3, AFCRL-62-230, Ohio State University, Columbus, January 1662.

261. U. J. Kootkowski, Hall Widtha and Intensities from the Infrared Transmission of
Thermally Excited C0 2 , Progress Report, Office of Naval Research Contract 248(01),
Johns Hopkins University, Baltimore, Md., October 1955.

262. D. K. E .wards, et al., J. Opt. Soc. Am., Vol. 50, 196fJ, pp. 130, 617.

263. D. E. Burch, D. A. Gryvnak and R. R. Patty, Absorption by C02 Between 4300 and 5400
cm"

1 
(2 pAa Region), Aeronutronic Report U-2955, (1964): 660 and 7125 cm"I "1.4 im

Retrion), Aeronutionic Report U-3127 (1965); 8000 and 10,000 cm-I (I to 1.25 ;m Re-
gion), Aeronutronic Report U-3200 (1965); 5400 and 6600 cm-1 

(1.6 um Region), Aero-
nutronic Report U-3201 (1965); 1800 and 2850 cm-! (ý.5- 5.6 pm Region), Aeronutronic
Report U-3857 (1966); 7125 and 8000 cm-

1 
(1.25 to 1.4 gm Region), Aeronutronic Re-

port U-3930 (1967); 3t00 and 4100 cm-I (2.44 to 3.22 pim Region), Aeronutronic Report.
U-4132 (1968); Philro-Ford Corporation.

264. H. A. Daw, Traasmissi.n of Radiation through Water Vapor Subject to Pressure
Broadening In the Region 4.2 M;icrons to 23 Microns, Teck.nical Report No. 10,
University of Utah, Salt Lake City, 1956.

265. E. E. Bell, Infrared Techniques and Mleasurements (Interim Engineer&- Report for
Period July.-Septem~ber 1956 on Contract AF 331`616)-3312), Ohio State U .. 'ersity,
Columbus, 1956.

266. N. G. Yaroslavskil and A. E. Stanevish, Opt. Spect., Vol. 7, 1959, p. 380, " o OptikaSSpektrosk., Vol. 5, 1958, p. 382.

267. J. R. Izatt, Office of Naval Research Progress Report, Contract No. ?48(01), Johns
Hopkins University, Baltimore, Maryland, 1960.

268. C. H. Palmer, 1960: see Palmer (1957). Cited incorrectly by Selby (1974).

269. D. E. Burch, D. A. Giyvnak and R. R. Patty, Absorption by H20 Between 2800 and 4500
cm-A (2.7 pm Region), Aeronutronic Report U-3202 (1965); 5045 and 1,4,03 cm-

1 
(0.69

to 1.•8 pm Region), Aeronutronic Report U-3704 (1966): 1630 and 2245 cm.- (6.13 to
4.44 pm Region), Aeronutronic Report U-5090 (1973); Philco-Ford Corporation.

270. D. E. Burch, D. A. Grynak and J. D. Pembrook, Investioatimn (A afrared Absorption by
Nitrous Oxide fr.rn 4000 to 6700 cm"

1 
(2.5 to 1.5 pro), Aoronu'ronic Repori U-4943 (1971);

760 to 2380 cm"
1 

(13.2 to 4.2 pm), Aeronutronic Report U-4995 (1971); Philco-Ford
Corporation.

271. M. Summerfield, "Pressure Depernve.ce of the Absorption In the 9.6 Micron Band of
Ozone," thesis, California Institute of Technology, Pasadena, 1941.

272. HI. S. Gutowsky and E. M. Petersen, "The Infrared Spectrum and Structure of Ozone,"
J. Chem. Phys., Vol. 18, 1950, p. 564.

273. M. K. Wilson and IL A. Ogg, J. Chem. Phys., Vol. 18, 1950, p. 766.
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Many measurements have been made by Burch and his coworkers, supported under con-

tract by the Air Foree Cambridge Research Laboratories. To cite them would over'.u:'ei.r.

this report. The user who wants access to these reports is best adv'.3ed to consult Eiti,er the

authors (Burch, et al.); the Defense Documentation Center, whose list !G probably incom: fte:

or the Infrared Information and Analysis (IRIA) Center at the Envirownental Research

Institute of Michigan, where these documents and other literature can be consulted.

The urgency for the use of laboratory data for formulation of band model parameters

has been allayed with the appearance of the AFCRL Ume-parameter compilation. The metlxods

cited in Section 5 are easily adapted to the use of this compilation for calculating band-model

parameters. Laboratory data, naturally, will always be needed as .. check for validity,

inasmuch as the line-parameters are less than perfect. The compilers of these parameters

readily acknowledge that they are neither perfectiy accurate nor complete. In addition,

certain assumptions must be made about line shapes and v'rengths and their cependencies on

physical conditions. Thus, the need for laboratory data will always exist for band-model

predictions, although the emphasis on them may have shifted to the delineation of more funda-

mental parameters associated with the very basic nature of the individual lines.

9.2 FIELD MEASUREMENTS

The most direct, and probably the surest, way of checking the fidelity of a metheo of

calculation atmospheric transmittance or radiance is to compare results obtained from the

method with the results of experimental measurements. One technique involves laboratGry

measurements, of which a few were cited in Section 9.1. But the scope of laboratory experi-

merts is narrow, and some of the limiting conditions are often difficult to achieve, making it

necessary to resort to field measurements. This is especially so since, without laboratory

results to achieve limiting parameters, extrapolations must be made to accommodate ijI'litiag

corditions.

Selby (1974a) has compiled a summary of atmospheric transmission field measuremints.

The list, reproduced in this report in Table 57, is neither appropriately selective nor complete.

But it is representative of certain types of measurements which have '.een performed in the

past. Many of these results have been around for a very long time, and have been used by

investigators in the past for making comparlsons between experimental and calculated

results.

Comparisons of results requires a very accarate desk ription of the conditions under

which the experiment hau' been performed. Most of the experiments listed In Table 57 have 1

well documented conditions -'eported along witn the results. It is not always possible,
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however, to determine the conditions as accurately as .ne requirea to check the accuracy of

a calculatio, method: nor is it .Iwixys necessary for the purpose of the measurement. The

field exurt'ni:nt, nevertheles!,, can serve to indicate trends which might be used to check the

consistency of a me'hod whl.h is designed to perform calculations in wide spectral reglons.

9.2.1 SOMF EXAMPLES OF FIELD MEASUREME .4TS

Some exar.iple'i of field measurements are given '.n this section, stA*' ,ing w.th one of the

older set, tfat of Gebble, et al. (1951), used for marl years o. n meAns for determination of

atmosphe. ic transmittance by extrapolation from exi;,rimental restIts. Figure 105, reproduced

from Ge.bie, et al. (1951), shows the tral.smittance per sea rr ile in the spectral region from

I to 14 gin for which the visual transmission (at 0.61 ;Am) was 6 0170 and the water vapor content

was 17 mm. The almost classical curves of Taylor and Yates (1957) are reproduced in

Figure 106 from an article reported in the journal literature. A broader coverage of the

Taylor and Yates experiment can be fouud in the Handbook of Military Infrared Technology

[2801, and more still, if available, in the NRL report of the exp.'rlhent (Yates and Taylor,

1960).

Another set of data on horizontal-path atmospheric transmittance measurements, not

reproduced here, is that of Curcio, et al. [ 2811 and Curcio, et al. [ 281] providing an atmos-

pheric atlas in the spectrum from 5400 to 11.600 A (C.54 to 1.16 pan). Still another set of sea

level measurements by Streete, et al. [ 283] a-id Streete (1968) provides further basis for com-

paring computed and measured results, and also for compr-ring different measured values.

The original data (Streete, et al., 1967) are not absolute, and of only limited use. The lattcr

report (Streete, 1968) shows data which are more poorly resolved. These data are not repro-

duced here.

One of the latest sets of i-orizontal-, or nearly-hox izontal path data to be compiled is that

of Ashley (1974). They are the highest-resolution transmittance data available for the long

wavelength spectrum out to 14 pim. They are, unfortunately, unavailable in the open literature,

being collected as auxiliary data in a continuously-generated set of the measurements of

various sources. Samples of these measurements, taken with a Fourier Transform Spectromete.,

28). W. %. Wolfe (ed.), Handbook of Military Infrared Technology, Office of Naval Research,

U. S. Governmeut Printing Office, Washington, D. C., 1965.

281. J. Curcio, L Drummcter and G. Kitestrick, Appl. Opt., Vol. 3, No. 12, 1C64. p. 1401.

282. J. Curcio, R. Eckardt, C. Acton and T. Cooden, An Atlas of the Absorption of the Atmo-
sphere from 8512 to ll,'10 A, Report No. 6352, U. S. Naval Research Laboratory,
Washington, D. C., 1965.

281. J. L. Streete, et al., "Near Infrared Atmospheric Absorption over a 25 km Horizontal
Path at Soa Level," Appl. Opt., Vol. 6, No. 3, 1957, pp. 489-496.
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FIGURE 105. ATMOSPHIERIC TRANSMISSION. (Virual transmission (0.61 A[) 601,O per sea mile,
water -content 17 mam.) (Reproduced from Gebbie, et al., 19 51 [253] .
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are -hovn In Figures 107, 108, 109 and 110. Information on the figures explains the physical

conditions. Figure 111 shows a comparison of transmittances for various path lengths. Again,

physical conditions are given on the figure.

Horizontal-path measureme itt are limited in that th-y do not emphasize atmosphei Ic

inhomogenelties. Thus, there is no way to check for variations of factors like line shapfs

and strengths. On the other hand, measurements through a slant atmospheric path are usually

devoid of the necessary auxiliary information to make a valid check with calculation on an

absolute basis. Nevertheless, nmeasurements of solar radiation are quvite useful, and a great

deal can be learned in making comparisons with calculated results. To be sure, solar

measurements are useful in and of themselves for determining line positions, atmospheric

constituent identifications and corncentrations, etc. We shall not dwell here, however, on

these types of measurements. The reader is referred to the Bibliog-raphy by Laulainen (1972)

in which a number of references to solar spectra literature are listed.

9.3 COMPARISONS OF THE CALCULATIONS (See also Sections 6.3,

7.1, 7.2, 7.4, 7.5, 8.1, 8.2 and 8.3.)

Except in the sections describing the various calculation techniques, intercomparisons

of results are Impossible because the computer programs for performing the calculations

either are not available, or are too complex to use without the help of the programmer,

through personal interview or documentation. Three exceptions to this fact make it possible

to review some of the results discussed in the earlier sections. That Is, we have available

tlc programs associated with the Aggregate and LOWTRAN 2 methods, and with Drayson's

method. In addition, we have available a model for the atmospheric constituents which is

useable in each method, so the differences that arise in the results should be associated

only with the specific performance of the calculation method.

To show how atmospheric transmittance in the long wavelength IR region varies with

changes in the set of at'nospheric parameters used, Figure 112 presents spectra pertaining

to the five atmosphere models, described in Section 10, calculated by th' Aggregate method.

The data of Figure 112 are plotted as a function of wavelength, A. Figurps 113 through 117

show comparisons of the transmittances as functions of wave number, P, obtained by the

Aggregate awl the LOWTRAN 2 methods. On the whole, one might comment that the agree-

ment is fa.r; quite good in certain spectral regions and relatively poor in others. One might

also speculate, because of the region in which the greatest disparity exists as a rule (i.e.,

in the 8 - 14 jan region where the H20 vapor continuum is Important), that the comparative

stress on the H20 vapor continuum between the two models is significant. We note here, by

way of explanation, that the differences should reflect only the differences in the tecbniques

used in calculation, since the atnospherlc models used in both cases were identical.
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FIGURE 112. TRANSMT'ITANCE FOR AGGREGATE MODEL ATMO-
SPHERE IN THE 8-14 gim REGION FOR A VE.RTICAL PATH LOOKING

DOWN FROM 100 kr.n
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FIGURE 113. TRANSMITTANCE FOR A VERTICAL PATH LOOKIING DOWN FROM
100 km. Trjiic model atmosphere.
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FIGURlE 113. TRANSMITTANCE FOR A VERTICAL PATH LOOKING DOWN FROM
100 km. Tropic model atmosphere. (Concluded)
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FIGURE 114. TRANSMITTANCE FOR A VERTICAL PATH IO)KING DOWN FROM
100 km. Temperate Summer atmosphere.
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FIGURE 114. TRANSMITTANCE FOR A VERTICAL PATH WOKICONG DOWN FROM
100 km. Temperate Summer atmosphere. (CGncluded)
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FIGURE 115. TRANSMITTANCE FOR A VERTICAL PATH LOOKING DOWN FROM
100 kin. Temperate Winter atmosphere.
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FIGURE 115. TRANSMITTANCE FOR A VERTICAL PATH LOOKING DOW",N FROM
100 km. Temperate Winter atmosphere. (Concluded)
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FIGURE 116. TPANSMITTANCE FOR A V.:RkJ.CAL PATH LOOK)NG DOWN FROM
100 k•n. Arctic Sumtre,- a,.nosphere.
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FIGURE 116. TRANSMITTANCE FOR A VERTICAL PATH LOOKING DOWN FROM
100 km. Arctic Summer atmosphere. (Concluded)
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FIGURE 117. TRANSMITTANCE FOR A VERTICAL PATH! LOOKING DOWN FROM
100 km. Arctic Winter atmcsphere.
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FIGURE 117. TRANSMITTANCE FOR A VERTICAL PATH LOOKING DOWN FROM
100 km. Arctlc Winter atmosphere. (Concluded)
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We Jo not have a program to calculate path radiance using the L0IMOWAN 2 fe~thod,
although. to produce one would be no difficult task. Solby (1974a) has provided curves showing

the variation o! spectral radiance (looking down from space) for six model atmospheres, the

five described in S-cton AO, plus the 1962 U.S. Standard Atmosphere. These curves are c; .n-

pedin Figure 118. Selby has provided also another set of curves, give in Fi ure 92,

allegedly comparing the radiance calcu:,ted using the LOWTRAN 2 transmittance with v-lucs

presuma~bly obaerved in a Nimibus experimen". Thzý r.-crcno~e cited is Conrath, et al. (1971),

although no reference information is provided. rhus, there Is no way to check this result.

The figure shows a rather good agreement between the observed and calculated values which

were obtained using actual sounding data for thle ftnlorphc..ic parai'neer... Comparisons

with N~rnbLS data, however, would usually be expected to h-xve limited tncaoing without

specific atmospheric data, because for any set of conditions which could purportedly fit the

modei atmosphere data, the~ Nimbus spectz-al radiance can vary consider-ably.

This latter fact points out the need for simLitanenus measuremecnt of environmen~tal con-

ditions If valia comparisona are to be made. Figure 11" gives eviderce of the wide range of

spiectra one can accumulate f.-om Nimbus mcasuremntc.s, all fitting the stantdardized atmos-

pheric category of Midlatitude-Winler. The difilernces are obviously de:pcndent on the par-

ticular atmospheric conditiens which p~revailed at the time of the measuroment, Including,

presumably, actual temperature differences, amounts of ozone and water vapor, presence ot

clouds, etc. We can cho~ose, Incidentally, one spectrum out of another group of Nimbus data

which would come close to a spectral radiance curve by the Argrcgate method although rnot

the nearly perfect fit showr. in Figure 92. (Selby had access to actual sounding data In choosing

the fit to Fig. 92.) Figure 120.- is a result of the Aggrrgate calculation using the Midlatitude-

Summer atmosph~eric model (see Section 10). Other curves of spectral radiance calculated using

the Aggregate metiiod for various model &ttmosphores, are shown in Figures 121 through 124.

Comparing the spectral radiances of Figure 120 i,ith their coun'erparts in Figure 92, we

find that the values calculafed with LOWTRAN are reni.?rkably similar to those using the

Aggreg-ate method. Without more information on the roanner in which Fig-ure 92 was obtained

it is not possible to say anything f'wther about the co.-np.- risen, especially since the LOWMRAN~

2 method predicts gc-nerally lower transmittances in this spectral region.

On the other hand, we have made~ calculations of spe2ctral radlance at, te.'jo poirts, 650i and
-1,rmfrcluaigtasitne ic eotu ftl850 cm , using the Drayson progra 0o acltn rnmtace ic h upto

program is an "Infinitely" resolvod spectrum, we smo-thed1 thu data to yicld the equivalent of

the result which woutld be obtained by an instrurnen' w~lth a triangular silit fanction of width

20 cm-1 . The 20 cm 1l width was used to coincide with. that correspondir:, to the results of

the LOWTRAN 2 method. The two values obtained are rho'rn plotted] as t-;:,o points on Ffg'ure 12Ca,
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FIGURE 119. NLM13US IV (IRIS) SATELIMTE DATA
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FIGURE 119. NIMBUS IV (IRIS) ,ATELLITE DATA (Continued)
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FIGURE 119. NIMI3US IV (IRIS) SATELLITE DATA (Continued)
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FIGURE 119. NIMBUS IV (IRIS) SATELLITE DATA (Continued)
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FIGURE 119. NIMBUS IV (IRIS) SATELLITE DATA (Concluded)
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FIGU:.E 120. COMPARISCN BETWEEN RADIANCE FOR CALCULATION ,3Y
THE AGGREGATE METHOD AND OBSERVED NIMBUS IV SATELLITE DATA
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FIGURE 123. AGGREGATL MODEL ATMOSPPhERE (ARCTIC SUMMER) FOR A
VERTICAL PATH LOOKING DOWN FROM 100 km
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an Aggregate method spectrum computed for a Midlatltuoe-Summtr atmospheric model. The

spectral resolution corresponding to this region for the Aggregate model, ai shown In Table 57,

is about 5 cm" 1 . Because this is sornewhat smaller than the 26 cm- 1 used in tie line-by-line

calculation, the agreement is perhaps less than the excellent agreement shown on the figure.

The difference between the spectrum and the point computed at V50 cm"I with thL

line-by-line method seems to tend in the expected direction. Drayson's program does not

account for absorption by &.e H20 continuum, making transmittance by this method at 850 cm"1

a few percent higher than b- the Aggregate method. The calculated radiance would ordinarily

be higher by Drayson's technique, because the earth radiance in the Aggregate method would

be attenu.ýled, replaced by the lower radiance of the cooler H20 vapor at higier altitude.

To show comparison of Nimbus data with the results of a line-by-line method (that of Kunde)

of ralculation we have reproduced a curve by Conrath, et al (1970) which seems to agree with the

conctlons given for the curves of Figure 92 and Figure 120a. This curve is shown in Figt're 125.

We have retained the scales in the original calculations, but note that they are all consistent.
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10

ATMOSPHERIC CONSTITUENTS

10.1 INTRODUCTORY REMARKS

The accumulation of data that has been gathered by various investigations provides no

basis upon which it would be practical to creati a formal model for the various constituents

in the atmosphere. Therefore, any models which appear in thi3 report must be simply renro-

ductions of those which have already been compiled in other reports for the calculatioai of

atmospheric transmittar.ce. A cursory search of the contents of the Journal of the Atmospheric

Sciences revealed no important new models which should necessarily succeed the ones in

current use. However, thei'e is much work being done, for example, in studying the sizes and

concentration of scattering constituents, and perhaps in the very r.ear future some slgnifi(ant

data will be forthcoming to provide more r2liable inputs for model calculations. It is felt

that the current inputs are reliable, but perhaps limited in that they do not account for the

huge vari-ations which are known to occar on a yearly and even daily basis, or between prox-

imate g;eotrraphical locations. It will be noticed, however, that the atmospheric mo.els for,

say, the Aggregate and LOWTRAN methods do not necessarily coincide.

The U.S. Standard Atmosphere, divided ýnto regional and tempzral groups, is the one m',bt

feasible for presentation of the more-or-less common, or basic, properties of the atmosphere,

temperature, pressure and density of the stable components of air. All absortion models of

which we are aware consider the fractional composition of certa.n oi the chief absorbers, i.e.,

CO CO, CH4 , N20, as constant with altitude in the troposphere. Obviou ly, this must be

untrue under circimstances for which it is known that certain gases, for special reasotis, appear

in more than their normal concentrations. Even where e•.traordinary conditions do not exist,

there can be temporal and geographical variations in the "fixed-concentration" gases. It is

evident, then, that model atmospheres are just models, and are to be used to predict trans-

mittance in those cases for which &n average value, related to average conditions, can be

accepted. When more precise information is required, the prof.les of all important physical

parameters must be known and used in the models for calculating atmospheric transmittance.

For the investigator who wishes to probe more deeply irto the variability one might expect

in the model atmospheres that are used for genci alized transmittance calculations, there

exist reports and articles covering many phases of investlgation,' on the properties of the

atmosphere which inflience transmittPInce. Particular attention is given to aerosols, because

their variability is so great, and the interest in this variability is ke-n lecause scattering

phenomena are so sensitive to it. One issue of the Journal ot Geophysical Research was

devoted to the topic of sea-air chemistry, with the publication of many papers from a Working

Symposium on Sea-Air Chemistry. Of particular interest to the per3on makirg atmospheric
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transmittance calculations is a paper by Junge [ 284] on the physics-chemistry of aerosols in

m -mne environments. In this paper, he discusses five different particle types- these with

radii larger than 20 tan, sea spray particles, tropospheric background particles, mineral dust

particles, and particles with radii smaller than 0.03 pin. In the same issue, Moyers and Dace

[ 2851, [ 2&6] discuss gaseous and particulate iodine and bromine in the marine atmosphere.

10.2 PRINCIPAL GASES FOR ABSORPTION

Since the absorptive properties of the gases are given in detail in Section 4, we present

only the meteorologically rnlated parameters in this section.

10.2.1 CARBON DIOXIDE (CU2)

Carbon dioxide is chief among the fixed gases in absorption and emitsicn of atmospheric

radiation. In the predecessor to this report (Anding, 1967), a large section is devoted to ai
disLussion of the accumulation of data on CO 2 and other atmospheric gases of i mportanci t

this study. No attempt will be made to reproduce that discussion here. Taken from that

report, Table 58 del;cts the values of the conccrtrations of CO2 obtained by various invase-
igators. The concentration chosen for the Aggregate rrethod is 320 ppm. The value quoted

by Laulainen (1972) is about 325 ppm, uniformly mixed up to the stratopause, "whcfe It is
presumably destroyed by photochemical decomposition.- The yearly increase in CO 2 is con-

sidered to be about I ppm. The value used in th3 LOWTRAN 2 model is shown in Table 49,
along with the values for other fixed gases used in that model.

10.2.2 NITROUS OXIDE (N20)

Considered in the early part of the century as a fixed constituent of the atmosphere,
(which dissociates in the stratosphere), and later conZirmed by Adel [ 287], [ 288] , N23 is

considered, as quoted by Laulainen, to have a fractional volume abundance of 2.5 x 10-7.
Table 60 (see Anding, 1967) showy the values obtained b; different investigators. The value

284. C. E. Junge, "Our Knowledge of the Physics-Chemvistry of Aerosols in the Undisturbed
Marine Environment," 4. Geophys. Res., VoL 77, No. 27, 1972, pp. 5183-5200.

235. J. L. Moyer& and R. A. Duce, "Gaseous and Pprttcuh.te Iodine in fl- Martie Atmo-
sphere," J. Geophys. Ree., Vol. 77, No. 27, pp. 5229-5238.

286. J. L. Moyers and R. A, Duce, Gaseous and Particulate Bromine in the Marinn Atmo-
sphere, J. Geophys. Res., Vol, 17, No. 27, 1972(b), pp. S330-5338.

287. A. Adel and C. 0. Lamnpland, "A I ew Band of the Absorption Spectrum of the Earth's
Atmosphere," Astrophys. J., Vol. 87, 1938, p. 198.

28C. A. Adel, "Note on the Atmorpheric Oxides of Nitrogen," Astrophya. J., Vol. 90. 1939,
p. 627.
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TABLE 5a. CONCENTRATION OF CARBON
DIOXIDE

CO2 Content
Source -- (ppm)

Valley [ 290] 3V1,

Keeling [291J 314

Callendar [ 292] 320

Glueckauff [2931 3"0-

Fonseiious [ 294] 321-329

Bray [ 295] 320
o-"

Average 321* 5

290. 1-. L. Valley, Handbook of Geophysics and Space Environments, Air iurce Lainbridge
Reseorch Laboratories, 1965.

291. C. D. Keeling, "The ( centration and Isotopic Abundance ef Carbon Dioxide in the
,.ttiro-sphere," TeUus, Vol. 12, 196n.

292. G. S. Calhendar, "On the Amo-int of Carbon Dioxide in the Atmosphere," Tellus, Vol. 10,
1958, op. 243-248.

293. E. G. Ghi'en'auff, "CO 2 Content of the Atmosphere," Nature, Vol. 153, 1944, pp. 620-
621.

294. S. Fonselious, F. Koroleff and K. Burch, "Microdetermination of C02 In 'be Air with
Current Data for Scandinavia," Tellus, Vol. 7, 1955, pp. 258-265.

295. J. R. Bray, "An Analysis of the Possible Recent Change in Atmospheric Carbon Dioxide,"
Tellus, Vol. 1l, 1959, pp. 220-230.

TABLE 59. CONCENTRATIONS OF UNIFORMLY MIX.D GASES.
(From McClatchey, et al., 1972 [ 21].)

(cm-atm)STp (crr-atm)hTP/km

Molecular ppm by in vertical path in horizontal path
Constituent wt. vol. from sea level at sea level gm cm- 2 /mb Ref.

Air 28.97 106 8 x 105 105 1.02 [290]

CO 2  44 330 264 33 5.11 x 10-4 [296]

N20 44 0.28 0.2P 0.028 4.34 x 10-7 [297]

CO 28 0.075 0.me 0.0075 7.39 x 10-8 [298]

CH1 16 1.6 1.28 0.16 9.01 x 10-7 [299]

02 32 2.095X 1.68 x 105  2.095 x 104 0.236 [290]

296. U. Fink, D. H. rlank and T. A. Wiggins, J. Op,. Soc. Am., Vol. 54,1964, p. 472.

297. J. W. Birkei.,nd and J. H. Shaw, J. Opt. Soc. Am., Vol. 49, 1959, p. 637.

298. J. H. Shaw, Monthly Report on Infrared Temperature Sounding, 1tF lro~ect 2469, Report
No. 16, Ohio State University, 'olumbus, October 19618.

299. J. H. Shaw, A Determination of the Abundance of N:O, CO, and ClP4 in Ground Level
Air at Several Locations Near Columbus, Oilo, Sc,. Report No. 1, Contract AF 19(604)-
2259, AFCRL.
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TABLE 60. CONCENTRATION 02 NITROUS OXIDE

Content
Author Date Location (ppm)

Adel [ 3001 1941 Arizona 0.38

Show, Sutherland, 1943 England 1.25
and Wormell [3011

McMath and 1948 Michigan 0.5
Goldberg [ 3021

Slobod and 1950 Texas 0.5
Krogh [ 303]

Birkeland, Burch, 1957 Ch sapeake Bay 0.43
and Shaw [ 304]

Birkeland [3051 1957 Ohio 0.28

Bowman [ 306] 19r9 Ohio 0.28

U.S. Standard 1962 0.5
Atmosphere

300. A. Adel, "Equivalent Thickness of the Atmoopheric Nitrous Oxide Laycr," Phys. Rev.,
Vol. 59, 1941, p. 944.

301. J. H. Shiaw, G. B. B. M. Sutherland and T. W. Wormell, "Nitrous Oxide in the Earth's
Atmosphere," Phys. Rev., Vol. 74, 1948, p. 978.

302. R. McMath and L. Goldberg, "The Abundance and Temperature of Methane in the
Earth's Atmosphere," Proc. Am. Phyi,. Foc., 'vol. 74, 19-18, p. 623.

303. P. L. Slobod and M. E. Krogh, "Nitrm.s Oxide as a Constituent of the Atmosphere,"
J. Am. Chem. Soc., Vol. 72, 1950, pp. 1175-1177.

304. J. W. Birkeland, D. E. Burch and J. H. Shaw, "Some Comments on Two Articles by
Taylor and Yates," J. Opt. Soc. Am., Vol. 47, 1957, p. 441.

305. J. W. Eirkeland, "Determination of Ground Level N2 0," M.S. thesis, Ohio State
University, Columbia, 1957.

306. A. L. Bowman, A Determinaticn of the Abundance of Nitrous Oxide, Carbon Monoxide
and Methane in Ground Level Air at Sev-ral Locations near Columbus, Ohio (Scientiftc
Report No. I on Contract AF 19(604)-2259), Ohio State University, Columbus, 1959.
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choser. for the Aggregate method is 0.28 ppm, as it is for the LOWTRAN 2 method (as shown

in Table 59). Goldman, et al. [ 289] indicate that the measurements giving these results were

made at ground level. From the measurement of emission spectra from balloons, they have

determined that the meat. value for a range of altitudes from 5 to 13 km is 0.14 k 0.04 ppm.

10.2.3 CARBON MONOXIDE (CO)

As with the other fixed gases, CO Is considered to be uniformly mixed vertically, at least

up to the tropopause, above which it is oxidized to CO 2 . The concentration then increases

higher in the stratosphere and in the mesosphere. There is no strong indication that there

are significant long-term increases in CO, parti fly because short-term temporal and spatial
/

variations tend to conceal whatever small long-term increases might occur. Laulainen

suggests that natural production and destruction of CO are sufficient to override man-produced

causes. The variability from different regions causes a range of concentration- from 0.01 to

0.20 ppm in remote locations and from 0.4 to 2.2 ppm in urban areas. The fixed value used in

the Aggregate method is 0.12 ppm, whereas as shown in Table 59, LOWTRAN 2 uses 0.075.

Table 61 shows the ranges of CO concentrations obtained by various investigators.

10.2.4 METHANE (CH 4 )

Laulaih.n (1972) reports a volume mixing ratio of almost 1.6 ppm, which is approximately

constant with altitude up to the troporause, then decreases rapidly in the lower stratosphere.

The value used in the Aggregate mvhod is 1.1 ppri and in the LOWTRAN method is 1.6 ppm

as seen in Table 59.

10.2.5 NITRIC ACID (HNO 3 )

Nitric acid, discovered recently tn $he stratosphere by Mux cray, et al. ( 3071, is con-

sidered as an absorber only in the Aggregate method.' The values used for all atmospheric

models (described in the next section under water vapor) are shown as a curve of mixing,

ratio vs altitule in Figure 126. More recent balloon-flight measurements by Murcray, et al.

[3081 show distribittons with altitude produced as in Figure 127, where the abso:ber amounts

correspondfng to the measured data are shown on the curves.

289. A. Goldman, T). G. Murcray and F. H. Murcray, et al., "Abundance of N20 in the At-
mosphere between 4 b and 13.5 km," J. Opt. Soc. Am., Vol. 60, No. 11, 4970, pp. 1466-
1468.

307. L. G. Murcray, T. G. Kyle, F. H. Murcray am W. 1. WillisamB, "Nitric Acid and Nitric
Oxide in the Lower Stratosphere," Nature, Vol. 218, 1968, p. 78.

308. D. G. Murcrm.,, A. Goldman arnd A. Csoeke-Poeckh, et PI., "Nitric Acid Distribution in
the Stratosp'.ere," J. Coophys. Res., Vol. 78, No. 30, 1973, pp. 7033-7r,38.
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TABLE 61. CONCENTRATION OF CARBON .ONODE

Meiai Concentration Range
Location Observers (ppm) (ppm)

Columbus, Ohio Migeotte [ 3091 0.125*--

Columbus, Ohio Bowman [3061 1.1 0.4-2.2

Columbus, Ohio Shaw axd Howard [310] 0.125* *-0.075-0.25

[3111, Shaw and Neilson[3121
Columbus, Ohio Shaw [3131 0.075* *0.05-0.125

Ottawa, raniada Locke and Herzberg 0.1625 0.09-0.18
[314

Jungfraujoch, Benesch, Migeotte, and 0.075* *0.025-0.11

Switzerland Neven [ 3151
Flags',aff, Arizona Adel [ 3161 0.125* -

Concentration determined from published spectra.

Concentration reduced to sea leve assuming uniform vertical distribution.

309. M. V. Migrotte, "The Fundamental Band of Carbon Monoxide at 4.7 p In the Solar
Spectrum," Phys. Rev., Vol. 75, 1949, p. 1108.

310. J. H. Shaw and J. N. Howa&rd, "A Quantitative Determination of the Abundance of Telluric
CO Above Columho s, Ohio," Phys. Rev., Vol. 87, 1952, p. 380.

311. J. H. Shaw and N. Howard, "Absorption of Telluric CO in the 23 A Regicn," Phys. Rev.,
Vol. 81, 19o52, p. 679.

312. J. H. Shaw and H. H. Nielson, Infrared Studies of the Atmospherc (Final Report on
Contract AF 19(122)-5), Ohio State University Research Foundation, Columbus,
1954.

313. J. H. Shaw, The Abundance of Atmospheric CO above Columbus, Ohio (Contract AF
19(604)1003), Report No. AFC11C TN 57-212, Ohio State University Research Founda-
tion, Columbus, 1957.

314. J. L. Locke and I- Herzberg, "The Absorption due to Carbon Monoxide in the Infrared
Solar Spectrum," Can. J. Phys., Vol. 31, 1953, p. 504.

31. W. BeneSach, M. V. Migeotte and L. Neven, "Investigations of Atmospheric CO at the
Jungfraujoch," J. Opt. Soc. Am., Vol. 43, 1953, p. 1!19.

310. A. Adel, "Identifi cation of Carbon Mo Toxide in the Atmosphere above Flagstaff,
Arizona," Astruphys. J., Vol. 116, 1952, p. 442.
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FIGURE 126. MODEL ATMOSPHERES - NITRIC ACID MIXING
RATIO. (Reproduced from Hamilton, et al., 1973 [191 .)
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FIGURE 127. DISTRIBUTION OF tH03 WITH ALTITUDE AS
DETERMINED FROM ATMOSPHERIC EMISSION DATA. (Re- ,

produced from Brooks, et al., 1973 [319].)
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10.2.6 WATER VAPOR (H2 0)

Water vapor is the atmosphere's most variable gaseous constituent from the standpoint

of atmospheric transmittance. Anding ('967) has a lengthy discussion on the variability of

water vapor and the numeroas measurements made on it. Laulainen quotes the variability as
10-2 to 10-5 in the mixing ratio, with a diminution as a result of condersation and precipitation

of about 1/3 for every 2 kin, reaching the value o2 roughly 3 x 10-6 in the stratosphere. The

profiles of water vapor are given in conjun.ition with the regional-temporal profile of pressure,

temperature, and air density, corresponding to the following climates: tropical; midlatitude

summer; midlatitude winter; subarctic summer; and subarctic winter. Tables of pressure,

temperature and density as functions of altitude for these regions and climates are shown in

Table 62. Values for the watcr vapor profile (Valley, 1965 and Sissenwine, et al. [317] ) used

in the LOWTRAN method (McClatchey, et aL, 1972) and the EPIM version of the Aggregate

method, are shown in the fifth column of each of these tables. The Aerospace version of the

Aggregate method uses a somewhat dif~erent set of profiles (Hamilton, et al., 1973) showr. in

Figure 128 (Valley, 1061- and Goldman, et al. [ 3181). Recnnt results oi measurements ,;ith

balloon-borne instrumentation (Brooks, et al. [ 319] ) are shown in Figure 129. A rece'at

summary article [ 3201 compares the values of various measurements. From a search of

37 winter months of synoptic charts, the author concludes that the 30-mbar H2 0 varpor mixing

ratio is approximately 6-e ppm in the high latitudes of the Northern Hemisphere over

populated areas.

10.2.7 OZONE (03)

Ozone is another highly variable atmospheric constituent, regarding ooth the time of year

and geographical location. The concentration peaks at about 30 kin, where Laulainen quotes

a mixingratio of better than 10 ppm. Anding has an extcnsive discusaion of the variablidty

of ozone and the measurements made on it. The Aerospace version of the Aggregaie method

317. N. 8issenwine, D. Grantham and N. S. Salmela, Humidity Up to the Mesopause, Report
No. AFCRL.68-0550, Air Force Cambridge Research Labs., Bedford, Mass., 1968.

318. A. Goldman, Distribution of Water Vapor in the Stratosphire as Determined from
Balloon Measurements of Atmo.pheric Emission Spectra in the 24 to 29 m Region,
Report No. AFCRL 72-0077, University of Denver, 1972.

319. J. N. Brooks, A. Goldman, J. J. Kosters, D. G. Murcray, F. H. Murcray and W. J.
Williams, "Balloon-Borne Infrared Measuiem-,nts," in Physics and Chemistry of Upper
Atmospheres, B. N. McCo: mac (ed.), Proceedings of a Symposium organized by the
Slommer Advanced Study Institute, held at the University of Orleans, France, July 31-
August 11, 1972, D. Reidel Publishing Co., Dordrecht, Hollrbd, 1973, pp. 278-285.

320. J. L. Stanford, "Stratospheric Water-Vapor Unper Limits Inferred from UVper-Alr
Observations, Part I: Northern Hemisphere," Bull. Am. Mct. Soc., Vol. 55, No. 3,
1974, p. 194.
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T)BLE 62. MODEL ATMOSPHERES USED AS A BASIS OF THE COMPUTATION OF
ATMOSPHERIC OPTICAL PROPERTIES. (From McClatchey, et al., 1972 [211.)

(a) Tropical

Ht. Pressure Temp. Density Water Vapor Ozone
(kun) (mb) (OK) (g/-nY) (g/n 3 ) (g!m 3 )

0 1. 013E+03 300.0 1. 167E+03 1. 9E+01 5.6E-05

1 0. 040E+02 294.0 1.064E+03 1. 3E+01 5. 6E-05

2 8.050E+02 288.0 9. 689E+02 9.3E+00 5.4E-05

3 7. 150E+02 284.0 8. 756E+02 4.7E+00 5. 1E-05

4 6.330E+02 277.0 7.951E+02 2.2E+00 4.7E-05

5 5. 590E+02 270.0 7. 199E+02 1.5E+00 4. 5E-05

6 4. 920F+02 264.0 6.501E+02 8.5E-01 4.3E-05

7 4. 320E+02 257.0 5. 855E+02 4 7E-01 4. IE-05

8 3.78UE+02 250.0 5.258E+02 2.5E-01 3.9E-05

9 3.290E+02 244.0 4.708E+02 I. 2E-01 3. 9E-05
10 2. 860E+02 237.0 4. 202E+02 5.OE-02 3.9E-05

11 2.470E+02 230.0 3.740E+02 1.7E-02 4. IE-05

12 2.130E+02 224.0 3.316E+02 6. nE-03 4.3E-05

13 1.820E+02 217.0 2.929E+02 1.8E-03 4.5E-05

14 1. 560E+02 210. 0 2. 578E+02 1.OE-03 4.5E-05

15 1. 320E+02 204.0 2. 260E+02 7.6E-04 4. 7E-05

16 3. 110E+02 197.0 1. 972E+02 6.4E-04 4.7E-05

17 9. 370E+01 195.0 1. 676E+02 5.6E-04 6.9E-05

18 7. 890E+01 199.0 1. 382E+02 5. OE-04 9. OE-05

19 6. 660F+01 203.0 1. 145E+02 4.9F--04 1. 4E-04

20 5.650E+01 207.0 9. 515E+01 4.5E-04 1.9E-04

21 4.800E+01 211.0 7.933E+01 5. IE-04 2.4E-04

22 4.090E+01 215.0 6. 645E+01 5.IE-04 2.8E-04

23 3.500f+01 217.0 5.618E+01 5.4E-04 3.2E-04

24 3. 000E+01 219.0 4.763E+01 6.OE-04 3.4E-04

25 2.570E+01 221.0 4.045E+01 6.7E-04 3.4E-04

30 1.220E+01 232.0 1.831E+01 3.6E-04 2.4E-04

35 6.OOOE+00 243.0 8. 600E+00 1. IE-04 9.2E-05

40 3. 050E+00 254.0 4. 181E+00 4.3E-05 4.1E-05

45 1. 590E+00 265.0 2. 097E+00 1. 9E-05 1. 3E-05

50 8.540E-01 270. 0 1. 101E+00 6.3E-06 4.3E-C6

70 5.790E-02 Z19.0 9.210E-02 1. 4E-07 8.6E-08

100 3. OOOE-04 210.0 5.OOOE-04 1. 0E-09 4.3E-11
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TABLE 62. ?.'ODEL ATMOSPW2,>3:"1S USED AS A 0A2- O' THE COMPUTATION
OF ATMOSPItERIC OPrIICAI, Al O.,MT1.S. (From .,'cC1.tchey, et al., 1,172[21].)

(Cuatinucd)

(b) 1,1M!1atitude Summer

Ht. Pressure Temp. Density Water Vapor Ozon'(kmn) (rob) (Y) ./3" (g/m3l,(/3

0 1.013E+03 294.0 1. 191E+03 1.41E+01 6.0E-05

1 9. 020E+02 290.0 1.080E+03 9.312+00 6.0E-05

2 8. 020E+02 285.0 9. 757E+02 5.9E+00 6. 0-05

3 7. 100E+02 279.0 8. 8,6E+02 3.3F+00 6.2E-05

4 6.280E+02 273.0 7. 998E+02 1.9u+00 1. 4E-05

5 5. 540E+02 267.0 7.2 1IE+02 1.0E+00 G. 6E-05

6 4. 870E+02 261.0 6. 487E+02 6. 1E-01 G. 9E-05

7 4. 260E+02 255.0 5.830E+02 3.7E-01 7.SE-05

8 3. 720E+02 248.0 5.225E+02 2. IE-01 7.9E-05

9 3.240E+02 242.0 4. 669E+02 1.22E-01 8.6E-05

10 2.810E+02 235.0 4. 159E+02 6. 4r-02 ... , S

11 2.430E+02 229.0 3. F93E+02 2. 2E-02 1. 1E-04

12 2.090E+02 222.0 3.269E+02 6.OE-03 1. 2E-04

13 1.790E+02 216.0 2. 882E+02 1. 8F-03 1. 5E-04

14 1. 530E+02 216.0 2.464E+02 1.0E-03 1. 8F-04

15 1.300E+02 216.0 2. 104E+32 7. 6'-04 1. 9E-04

16 1. 110E+02 216.0 1. 797E+02 6.413-04 2. 1E-04

17 9. 500E+01 216.0 1. 535E+02 5.6]2-04 2. 4E-04

18 8. 120E+01 216.0 1. 305E+02 '. 017-04 2.8E-C4

19 6.950E+01 217.0 1. 110E+02 4.91E-04 3.22E-04

20 5. 950E+01 218.0 9.453E+01 1. 5E-04 3.4E-04

21 5. 10013+01 219.0 8. 056E+01 5. 1E -04 3.6M-04

22 4.370E+01 220.0 6. 8'#2E+01 5. 1E-04 3.66E-04
23 3.760E+01 222.0 5. 867E+01 5.4E-04 1. 4•E-04

24 3.2201E+01 223.0 5.014E+01 6.0E-04 3.2E-04

25 2. 770E+G1 224.0 4.288E+01 6.77E-04 3. 0E-04

"30 1. 320E+01 234.0 1.971E+01 3.6E-04 2.. 6E -04
35 6. 520E+00 245. 0 C.204E4+00 1. 1E-04 9. 2E-05

40 3. 330E+00 258.0 4.505E+00 4. 3E-05 4. 1E'-'0h

45 1.760E+00 270.0 2./33E+00 1. 9E-S ]. .3E-05
50 9.510E-01 276.0 1.202E+C3 6.3E-06 4.3E- 06

70 6.710E-02 218.0 1.071E-01 1.44E-07 8.6E-08

100 3.0001E-04 210.0 5.0001E-04 1.0 or-09 4.3E- 11

*Original numbers have bcen ccrrccted.
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TABLE 62. MODEL ATM"ýSPHERES USED AS A BASIS OF THE COMPUTATION
OF ATMOSPHERIC OP'TICA L PROPERTIES. (From McClatchey, et al., 1972 r21Q.)

(Continued)

(c) Midlatitude Winter

HL Pressure Temp. Density Water Vapor Ozone
(kmn) (rob) (OK) (g/m3) (g/m31 (g/m3)

0 1.018E+03 272.2 1.301E+03 3.5E+00 6.OE-05

1 8.973E+02 268.7 1. 162E+03 2.5E+00 5.4E-05

2 7. 897E+02 265.2 1. 037E+03 ,. 8E+00 4.9E-05

3 6.938E+02 261.7 f,. 230E+02 1.2E+90 4.9E-05

A 6.081E+02 255.7 8.282E+02 6.6E-01 4.9E-05

5 5.313E+02 249.7 7.411E+02 3.8E-01 5.8E-05
6 4. 627E+02 243.7 6.6 14E+02 2. IE-01 6.4E-05

7 4. 016E+02 237.7 5.886E+02 8. 5F-02 7.7E-05

8 3. 473E+02 231.7 5.222E+02 3.5E-02 9.OE-05

9 2. 992E+02 225.7 4.619E+02 1. 6E-02 1. 2E-P-l

10 2.568E+02 219.7 4. 072E+02 7.5E-03 1. 6t '4

11 2. 199E+02 219.2 3.496E+02 6. 9E-03 2. IE-04

12 1. 882E+02 218.7 2. 999E+02 6.OE-03 2.6E-04

13 1. 6 10E+02 218.2 2. 572E+02 1.8E-03 3. OE-04

14 1. 378E+02 217.7 2. 206E+02 1.OE-03 3. 2E-04

15 1. 178E+02 217.2 1.890E+02 7.6E-04 3.4E-04

16 1. 007E+02 216.7 1.620E+02 6.4E-04 3.6E-04

17 8.610E+01 216.2 1.388E+02 5.6E-04 3.9E-04

18 7. 350E+01 215.7 1. 188E+02 5. 0E-04 4. IE-04

19 6.280E+01 215.2 1. 017E+02 4.9E-04 4.3E-04

20 5.370E+01 215.2 8.690E+01 4.5E-04 4.5E-04

21 4.580E+01 215.2 7.42 1E+01 5. 1E-04 4.3E-04

22 3.910E+01 215.2 6.338E+01 5. [E-04 4.3E-04

23 J.340E+91 215.2 5.415E+01 5.4E-04 3.9E-04

24 2. 860E+01 215.2 4. 624E+01 6.OE-04 3. 6E-n4

25 2.430E+01 215.2 3.950E+01 6.7E-C4 3.4E-04

30 1.110E401 217.4 1.7P3E+01 3.6E-04 1.9E-04

35 5. 180E+00 227.8 7. 924E+00 1. IE-04 9.2E-05

40 2. 530E+00 243.2 3. 625E+00 4.3E-05 4. lE-05
45 1.290E+00 258.5 1.741E+00 1.9E-05 1.3E-05

50 6.820E-01 265.7 8. 954E-01 6.3E-06 4.3E-06

70 4.610E-02 230.7 7. 051E-02 1. 4E-07 3.6E-08

100 3.000E-G4 210.2 5.OOOE-04 1.OE-09 4.3E-11
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TABLE 62. MODEL ATMOSPHERFS USD AS A BASIS OF THE COMPUTATICN
OF ATMOSPBERIC OPTICAL PROPERTLES. kFrom McClatchey, et al., 1972 [211.)

(Continued)

(d) Subarctic Summer

Ht. Pressure Temp. Density Water Vgpor Ozonf
(km) (rob) (OK) (g/m3) (g/m;l) (g/m")

0 1. 010E+03 237.0 1.220E+03 9. 1E+00 4.9E-05

1 8.960E+02 282.0 1. 11OE+03 6.0E+00 5. 4E-05

2 7.929E+02 276.0 9.971E+02 4.2E+00 5.6E-05

3 7.0001E+02 271.0 8.985E+02 2.7E+00 5.8E-05

4 6. 160E+02 266.0 8.077E+02 1.7E+00 6.0E-05

5 5.410E+02 260.0 7.244E+02 1.0E+00 6.4E-05

6 4.730E+02 253.0 6.519E+02 5.4E-01 7. IE-05

7 4. 130Eý02 246.0 5. 849E+02 2.9E-01 7.5E-05

a 3.590E+02 239.0 5.231E+02 1.3E-02 7.9E-05

9 3. 107E+02 232.0 4.663E+01 4. 2E-02 1. IE-04

10 2. 677E+02 225.0 4. 142E,102 1. 5E-02 1. 3E-04

11 2.300E+02 225.0 3.559E+02 9.4E-03 1.8E-04

12 1. 977E+02 225.0 3.059E+02 6.01E-03 2. IE-04

13 1.700E+02 225.0 2. 650E+02 1. 8E-03 2. 6E-04

14 1.460E+02 225.0 2.260E+02 1.OE-03 2.8E-04

15 1.250E+02 225.0 1. 943E+02 7.6E-04 3.2E-04

16 1.080E+02 225.0 1.67 1E+02 6. 4E-04 3.4E-04

17 9.280E+01 225.0 1.436E+02 5.6E-04 3.9E-04

18 7.980E+01 225.0 1.235E+02 5 OE-04 4. IE-04

19 6. 860E+01 225.0 1. 062E+02 4. SE-04 4. IE-04

20 5.890E+01 225.0 9. 128E+01 4.5E-04 3.9E-04

21 5.070E+01 225.0 7.849E+01 5. IE-04 3.6E-04

22 4.360E+01 225.0 6.750)E4-01 5. 1E-04 3.2E-04

23 3.750E+01 225.0 5.805E+01 5.4E-04 3.tiE-04

24 3.227E401 226.0 4.963E+01 6.OE-04 2.8F-04

25 2. 780E+01 228.0 4. 247E+01 6. 7E-04 2. 6E-04

30 1. 340E+01 235.0 1.979E+01 3. 6E-04 1. 4E-04

35 6.610E+00 247.0 9.320E400 L..1E-04 9.2E-05

40 3.400E+00 262.0 4.520E+00 4.3E-05 4. IE-05

45 1.810E+00 274.0 2.314E+00 [ . 9E-05 1. 3E-05

50 9. 870E-01 277.0 1.240E+00 6.3E-06 4.3E-06

70 7. 070E-02 216.0 1.137E-01 1.4E-07 8.6E-08

100 3. OOOE-04 210.0 5.OOOE-04 1. OE-09 4.3E-11

*Original numbers have been corrected.
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TABLE 62. MODEL ATMOSPHERES USED AS A BASIS OF THE COMPUTATION
OF ATMOSPHERIC OPTICAL PROPERTIES. (From McClatchey, et 21., 1972 [211.)

(Concluded)

(e) Subarctic Winter

Ht. Pressure Ter.,p. Density Water Vapor Ozone
(kin) (rob) (em) (g/m) (g/m3) (g/m3)

0 1.013E+03 257. 1 1. 37'E+03 1.2E+00 4. 1E-05

1 8. 878E+02 259. 1 1. 193E+03 1. 2E-00 4. IE-05

2 7,775E+02 255.9 1.058E+03 9.4E-01 4. IE-05

3 6.798E+02 252.7 9. 366E+02 6.8E-01 4.3E-05

4 5. 932E+02 247.7 8.339E+02 4. lE-01 4.5E-05

5 5. 15PE+02 240.9 7.457E+02 2.0E-01 4.7E-05

6 4. 467F '-01. 234.1 6. 646E+02 9.8E-02 4.9E-05

7 3. 853E+02 227.3 5. 904F+02 5.4E-02 7. 1E-05

8 3. 308E+02 220.6 5. 226E+02 1. IE-02 9.OE-05

9 2.829E+02 217.2 4.538E+02 8.4E-03 1.6F-04

10 2.418E+02 217.2 3. 879E+02 5.5E-03 2.4E-04

11 2. 067 Z+02 217.2 3.315E+02 3.8E-03 3.2E-04

12 1. 766F+02 217.2 2. 834E+02 2.6E-03 4. 3E-04

13 1.510E+02 217.2 2.4,2E+02 1. 8E-03 4.7E-04

14 1.291E+02 217.2 2.071E+02 1.0E-03 4.9E-04

15 1. 103E+02 217.2 1.770E+02 7.6E-04 5.6E-04

16 9.431E+01 216.6 1. 517E+02 6.4E-04 6.2E-04

17 8.058E+01 216.0 1.300E+02 5.6E-04 6.2E-04

18 6.882E+01 215.4 1. 113E+02 5.flE-04 6.2E-04

19 5.87?5e+01 214.8 9. 529E+01 4.9E-04 6.0E-04

20 5. 014E+01 214.1 8. 155E+01 4.5E-04 5.6E-04

21 4.2771+01 213.6 6.976E+01 5. IE-04 5. IE-04

22 3. 647E+31 213.0 5.966E+01 5. IE-04 4.7E-04

23 3. 109E+01 212.4 5. 100E+01 5.4E-04 4.3E-04

24 2.649E+01 211.8 4.358E+01 6.0E-04 3.6E-04

25 2.25CE+01 211.2 3.722E+01 6.7E-04 3.2E-04

30 1.020E+01 216.0 1.645E+01 3.6E-04 1.5E-04
35 4.701E+00 222.2 7.308E+00 1. 1E-04 9.2E-05

40 2. 243E+00 234.7 3.330E+00 4.3E-05 4. IE-05

45 1. 113E500 247.0 1.569E+00 1. 9E-05 1.3E-05

50 5.719E-01 259.3 7.682E-01 6.3E-06 4.3E-06

70 4.016E-02 245.7 5.695E-02 1. 4E-07 a. GE-09

100 3. 000E-04 2i0.0 5.OOOE-04 1.0E-09 4.3E-11
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1oo SEQUENCE

1. ARCTIC WINTER

2. TEMPERATE WINTER
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FIGURE 128. MODEL ATMOSPHERES - WATER VAPOR
MIXING RATIO. (Reproduced from Hamilton, ot al., 1973 [191.)
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FIGiURE 1 23. MIXING RATIO oF viATER VAPOR AS DERIVED
IFFOM A 15-LAYER AND A I r ".ANYF. CALCULATION USING~
TIM, 25 pm LINE GROUP ly, THE 22 FEBRUARY 1971 BALLON.

FLIGHNT. The sl,"h near 14 kI= indicates the boundary between
two layersj with similar mi-t4rI ratio. The mixing ratio derived
from a 15-layer calculation uf~irgr the 25 pj line group fror the
2 , J-ne 19171 b.lloon fight In showvn by the dotted tne. (Repro-

duced from . roc'... , et al., 1973 319]
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uses only one (temperate-summer) profile (obtained from He-ing, [ 321] ) to fit all regional-

temporal conditioni. This is shown in Figure 130. The ERUM version cf th3 Aggregate method

and the LOW7P.AN method u.•e the tabulated values of the separate regioital climates fror.a

Valley (i965). These are shown as the c!cth column in Table 62. Krueger [ 3221 r.:ports the

recults of rocket soundings made from latitudes 580S to 64 0 N. These results are reproduced

in Figure 131, showing variabilities in the mcasurements.

10.3 SCATTERING CONSTITUE]FTTS

10.3.1 EXTRATERRESTRIAL RADIATION

The wajor portion of the electromagnetic energy which arrives at the surface of Earth

originates from the sri; and, to a great extent the solar radiatlon is responsible for atmos-

phe.ic weather conditions. According to Drummond [ 323], more than 39% of the solar radi-

atl,%. is contained within the spectral band, 0.2 - 4.0 .an. Current values of the solar constant

range from 1.365 x 106 mW/m 2 to 1.394 x 10 e mW/yn 2 . Early work was done at the surface

of Earth, and the results were extrapolated to the top of the atmosphere, whereas current

investigations make use of high-altitude rockets arnd satellites.

For our present work we are interested, not in the total irradianze at the top of the atmo-

sphere, but rather in the extraterre.Atrial solar spectral irradiance. Figure 132 shows this

spectral h radiance as interpreted by Pettit [ 324] . For more accurate spectral values, one

should cons-lt Gates [ 325] , Gast, et al. [ 3261 and Thekaekara [ 327] . The units of solar

it•adiance are mW/cm -21m.

For particles with size,- much smaller than the size of the wavelergth of the radiation

impinging upon tnem, the incident field is nearly uniforin a.d, as a result, a dipole radiation

field is produced. The scattering of this radiation is called Rayleigh scattering and was

321. W. S. 1tring an•J T. R. Borden, Ozone Observations Over North America, OAR Research
Report No. AFCAL-64 -30, Vol. 2, 1964.

322. A. J. Kruzger, The Mean Ozone DI-tribution from Several Series of Rocket Scundings
to 52 km Latituder from 540S,3 to 640 N, NASA Repnrt No. X-6'1-73-67, Goddard Space
Flight Center, Greenbelt, Ltd., 197?.

323. A. J. Drummcond, Adt.ances La Geohyslcs, H. E. Landsberg and J. Van Mlegham (eds.),
Vol. 14, Academic Press, N. Y., 1970, p. 25.

324. E. Pettit, Astreyhysics, J. A. Ily,ick (ed.), McGraw-Hill, N. Y., 1951, p. 25A.

325. D. 11. Gatee, Science, Vol. 151, 1o. 3710, 1968, pp. 525--529.

328. P. R. Gast, A. Jursa, J. Cantelli, S. Basu and J. Aaro;as, Handbook of LGrophyrcs and
Space Environments, S.L. V0Jioy, ce., McGraw-Hill, New York, 1965, p. 16-1.

327. M. P. Thiekaekara aid A. J. Drummond, "Stndard Values for the Solar Const4ýt and
lh Gpectral Components," Natore Phyeical Science, Vol. 279, 1971.
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FIGURE 130. MODEL ATMOSPHERES - OZONE MIXING
RATIO. (Reproduced from Hamilton, et al., 1973 [191 .)

438

"' : N.. / ,,,



W-RM NO__________"_WW_10-11________M__________ 11

FORMERLY WILLO* RUN LABORATORIES THE UNIVERSITY O1ý UIMG*NkZ

N-ANWt Of 114.00 O41(RVATiONX

S40

1^I, / ý o"013401 I T AL.CRAIS R UNIE .AVIS0011T[UNVI~llyO•M•,•A

50

20. 80 -0

t o

0 To '0 IW

41004c COwl"TNATfT8 , 4MOLClill

FIGURE 131. AVERAGE AND EXTREME RANGE OF VERTI-
CAL OZONE DISTRIBUTION DATA. (Reproduced from Krueger,
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FIGURE 132. SPECTRAL SOLAR IRRADIANCE
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attributed, by Lord Rayleigh, to the effect af molecules. We now know tha4 this scattering

process is caused by density fluctuations in the atmosphere. For Rayleigh scattering, the

intensity of scattered radiation varies as A"4 (1 + cos 2 0), where 9 is the angle of scattering.

Almost ten times as much radiation is scattered at the short visible wavelengths ihan is

scattered at the long visible wavelengths. This accounts for the blue sky.

Besides Rayleigh scattering, we can consider two other processes. One is Thomson

scattering, which is the scattering of radiation from unbound particles like free electrons.

This type of scattering is independent of wavelength. Another important photon-scattering

process is the strong resonance scattering which occurs because certain resonant frequencies

of an atom or riolecule are excited. Refer also to the absorptive properties of atmospheric

constitueats discussed in Section 4.

In all these scattering processes, the scattered radiation and the incident radiation have

the same wavelength; therefore, in the context of this report these processes are said to be

coherent. There are also incoherent prcesses, such as Raman scattering and Compton

scattering, in which the scattered photon bas an energy different from that of the incident

photon. Compton scattering is important orly at high photon energies, and Raman scattering

is usually so weak that special techniques must be used to investigate it. (Luminescence can

also be considered an incoherent scattering process, depending upon the lifetime of an excited

state.) However, we shall not consider incoherent scattering processes in this report.

10.3.2 AEPOSOLS

Generally, we can define an aerosol as a dispersed solid o. liquid particle suspended in

a gaseous medium, such as air. This definition includes hazes, clouds, mists, fogs, smokes,

smogs, and dusts. For haze, clouds, and fogs, one usually assumes that tU.e plarticles are

composed o! water in either the liquid or solid (ice) phase. Smokes, smogs, and dusts can

consist of a variety of particulate mrtter, including metallic substances.

The study of aerosols is complicated by the dynamics of the atmosphere. A variety of

sources exist; the parti'les are carried by the wind, coagulate, evaporate, condense, prccipi-

tate and are dispersed world-wide. The primary natural sources are: (1) dust rise by wind;

(2) sea spray; (3) extraterrestrial material; and (4) dust from volcanoes and fires. In addition,

there are secondary sources such as the emission of hydrocarbon vapors from conifers which

react photochemically to produce the blue hazes seen over forests. Anthropogenic sources

include smoke from stationarl sources and motor vehicles. Table 63 from Hidy and Brock

[3281 illusti ates the major sources of aerosols. It is interesting to note that the anthropogenic
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TABLE 63. SOME IMPORTANT SOURCES OF ATMOSPHERIC AEROSOLS. Production

Rate in Tons Day- 1 on a Worldwide Basis. (From Hidy and Brock, 1971 [3281.)

(a) Natural

Estimated Max. % Estimated Max. %
production by wt. of production by wt. of

Source rate total f'ource rate total

1. Primary 2. Secondary
Dust Rine by Wind 2 x 10t-105 9.3 Vegetation 5 x 105- 28.
5-a Spray 3 x 106 28. (hydrocarbons- 3 x 106

terpenes)
Extraterrestrial 50-550 Sulfur Cycle 105_106 93

(meteoritic dust) 4f(oxidation of

Volcanic Dust 10 0.09 H2S-SOA2-)
(intermittent) Nitrogen Cycle

Forest Fires 4 x 105 3.8 Ammonia 7 x 105 6.5
(intermittent) NOx--NO 106 8.3

Volcanoes (volatiles, -103 0.009
SO2 and H2 S) - inter-
Iittent

Sub-total 10.1 x 10 6  94.

(b) Anthropogenic

Estimated Max. %
Production by wt. of

Source rate total

1. Primary
Combvistion and industrial 1-3 x 105 2.8
Dust rise by cultivation (inter- 102-103 0.009
mittent) (U.S. only)

2. Secondary
Hydrocarbon vapors (incomplete 7 x 103 0.065
combustion, etc.

Sulfate, (oxidation of 0o2 and 3 X 105 2.8
H2 S)

Nitrates (oxidation of NOx) 6 X 104 0.56
Ammonia 3 x 10 3  0.028

Sub-total anthropogenic 6.7 x 105 7.1 -6%

Total: All sources 10.7 X 106tons day" 1

328. G. M. Hidy and J. IL Brock, An Assessment of the Global Sources of Tropospheric
Aerosols, Procee.ings of the 2nd International Clean Air Congress, H. M. EnglwWd and
W. T. Beerg (eds), 1971, pp. 1088-10,7.
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contribution is about 6 or 7% of the total. Nevertheless, there could be an amplification effect;

i.e., a small aerosol input to the atmosphere could result in a large change in the climpte.

Man's impact on the global climate is a problem which has not yet been resolved.

Rozenburg [ 329] considers the optical'weather of the atmosphere to be divided into five

classes: (1) haze, resulting from dust clouds, smoke from forest fires and commercial objects,

and products of volcanic activity; (2) mist, which results from the growth of very small particles

called Aitken nuclei; (3) misty fog, a product of the condensation of moisture on larger particles;

(4) fogs and clouds, produced in the condensation state in the atmosphere; and (5) mist with

drizzle, a heterogeneous formation, resulting from mist penetrated by drizzle.

The composition of particles can range from ,ure water to strongly absorbing soot-like

particles composed of phosphates, sulfates, iron, and other compounds. Most important from

an optical point of view, however, is the refractive index of the particles. Deirmendjian [ 330],

Lukes [ 3311, and Kondratyev, et al. [ 332] have compiled data on water, soot, and ammonium

sulfate, with the index of refraction represented by:

m(X) = n( ) - !k(X) (407)

where n(X) is tLe real part and k(X) is the imaginary part. These are presented in Figure 1.23.

As one can see from the data there is a wide range of values which in turn can lead to large

differences in the optics of the atmosphere.

If one considers condensation processes, the variability in the optical properties of the

atmosphere is extreme. As an example, the scattering coefficient of air in the visible region

of the spectrum varies from 10" 2 km- 1 for very light haze conditions to 104kmi 1 for extremely

dense fogs. Because the optical properties of an aerosol particle depend on the Pize of that

particle, it is important to consider the range in particle sizes. Junge [ 333] separates the

particles into three regions as given in Table 64. The Aitken nuclei are believed to originate

o/

329. G. V. Rozcrburg, Optical lnvcstigations of Atmospheric Aerosol, Soviet Physics Uspekhl,
Vol. 11. No. 3, 1968, pp. 355-380.

330. D. Deirmendjlan, Electromagnetic Scattering on Spherical Polydispersions, American
Elsevier Publishing Company, New York, 1969.

331. G. D. Lukes, Optical Constants of Water Particulates for Wavelengths in the Visible
and Infrared, Particulate Models: Their Validity and Applicat)";is, 1. H. Bllfford, Jr.
(ed.), Report No. NCAR-TN/PROG-C8, Boulder, Colo., 1971.

332. X. Na. Kondratyev, 0. B. Vaullyev, L. S. Ivlev, G. A. Nikolsky aid 0. 1. Smoktz, influ-
ence of Acrorol on Raliativo Tranmfer; Possible Climatic Consequences, University
of Leningrad, 1973.

J33. C. E. Junre, Air Chemistry and Radioactivity, Academic Press, N. Y., 1953.
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TABLE 64. SIZE DISTRIBUTION OF AEROSOL
PARTICLES. (From Junge, 1963 [ 3331.)

Particle
Radius

Range (cm)

Aitken Nuclei 10-7- 10-5

Large Particles 105_- 10-4

Giant Particles > 10-4
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from forest fires, volcanoes, and man-made sources. The concentration of these particles is

about 10 to 100 times greater over the continents than over the oceans. Since their radii are

much less than the wavelengths in the visible region of the spectrum, these Darticles do not

seriously affect atmospheric visibility.

Condensation nuclei fall in the large-particle region and, since they are the nuclei activ'.ted

during the formation of waier droplets or fogs, they are important for visibitity considerations.

These nuclei, which constitute the bulk of the large continental aerosols, cotntain a wide range

of chemical compounds, such as NH+, Na+, Mg++, SO 4_, NO,-, and NO 2. Aerosols near coastal

regions or over the ocean have a different distribution of particle sizes, having more giant

particles than the continental aerosols have. Moyers and Duce (1972a) collected ,ir samples

in a marine atmosphere shoving a concentration of gaseous ioeine from 5 to 20 mg/mi3

Particulte samples were collected in the rat'.o of 1:(2 to 4) cornpared with gaseous iodine.

Gaseous bromine concentrations (Moyers a...; .uce, 1972b) covered about 50 nf-/m 3 . Parti-

culate concentrations of bromine were in the ratio 1:(4 to 10) with i.-spect to gaseous bromine.

For the purposes of dealing with the optical properties of hazes, Deirmendjian (1969) has

represented hazes, fogs, clouds, rain, and bail by simple dist-ibution functionis. He considers

a modified gamma distribution given by

N(r) =ar exp (-bry) (408)

05_5r < co

The four constants, a, 8, b, and y, are positive and real but are not Independent of each other.

For example, by integrating F.q. (408) over r, the radius of the particle3, we get the total

particle number density D.

OD

D = af r 8 exp (-bry) dr

0 (409)

m a y b- )/

Hence, the constant, A, can be given hii terms of D. Also, by differentiating Eq. (408) with

refspect to r, one can find the maximum of the distribution. Thus

b (410)

VrV
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where rc is the mode radius ol the distribution function.

Deirmendjian (1969) has conridered essentially three haze models, each of which is des-

cribed by the function (408:, with different values of the constants in each case. Haze M is

used to describe marine or coastal hazes; haze L is used to represent a cintinental-type

aerosol; and, haze H is used to represent a high-level or stratospheric aerosol. These three

distribitions are illustrated in Figure 134. Junge's (1972) survey presents evidence "that the

troposphere over the oceans is filled with a fairly uniform background aerosol on which the

sea spray aerosol is superimposed only within the lowest kilometers above the sea surface."

Figure 135, reproduced from Junge's article shows a summary of size distribution measure-

ments over the North Atlantic. Figure 136, also reproduced from Junge (1972) includes data

similar to that in Figure 135, but showiag a differentiation between conditions wirt. and without

Sahara dust. Figure 137, reproduced from the same article shows a compilation of the

undisturbed marine aerosols. The variouL features of the curves are explained in the caption

as described by Junge.

10.3.3 SCATTERING PARAMETERS

The determination of the absorbing and scattering properties of even simple aerosol

particles, such as spherical water droplets, is a rather involh d procedure. Considering

standard electromagnetic theory, one can find the scattering, absorption, and total extinction

cross sections in terms of the wavelength of the radiation and the size and index of refraction

of the particle. These are given by

2,"> 2 2 o 2'+',I
a5 (r) arr2 Qs Zrr2 E1f~)(1 a +1b f12) (411)

0a(r) = rt(r) - as(r) (412)

2•r
at(r)= r2 Qt 2 ](2f + 1) Re (a, + b) (413)

x f=l

where the parameters af and bI are given in terms of Ricatti-Bessel functions, and the param-

eter x = 2r, r/X. The details of the dependence of these cross sections on the index of refraction,

particle size, and structure Is beyond the szope of this report. Excellent treatments of this
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FIGURE 134. RAZE-TYPE DISTRIBUTION FUNCTIONS.
The units for the radlt:* r and for the unit ,olume in N(r)
depend on the particular model. (Reproduced from

Deirmendjian, 1969 [3301 .)

449



FORM•RLY WILLOW RUN LABORATORIES. THE UNI. U:•[TY OF MICHIGAN

10-

100

t
II

).4-

RADI:US r cm -- am

FIGURE 135. SUMMARY OF SIZE DISTRI-
BUTION MEASUREMENTS OVER THIE
NORTH ATLANTIC. 5The full curý'a for radii
smaller than 2 x 10" cm was obtained by a
combination Of a photographic nuclei counter,
diffusion boxes, and electrical denuders. The
dashed line is obtained by 2 five-comprnent,
double stage impactor. The line above . x

10-5 cm is a combination of measurements
by an optical counter (Poyco) and by micro-
scopic evaluation from a nozzle and a free
wing impactor. lRtdii ar,! given in nenti-
meters (I A = 10- cm), and the concentration
density !s given in p~articles per cubic cen-
timeter an,' per unit log radius. (Reproduced

from Junge, 1972 [ 2841 .
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O3 ___,, _

10 2 3

210

101 -

z - I-

__RADIUS r cm 2

FIGURe- 136. SOME OF THE DATA FROM
FIGUPXE 135, BUT SEPAIRATED INTO DAYS
WITH AND WITHOUT SAHARA DUST TO
DEMONSTRATE VIE DISTRIBUTION OF
THE MINER.%L DUST COMPONENT. Curve
(a) is the average distributioi., 'ir all data
of the soluble fraction (sea salt,. Curves
(bl), (Cl) and (h2), (c2', represent the insolu-
ble particles for days with and without Sahara
dust. Curves (dj~and (d2) arc dis:tributions
from the Royco counte-, and are also for
days with ar.l without Sahara trust. Th,ý
Sahara dust IN s a range kn radius siz,- from
about 3 x 10T to 2 x 10-- cm. Curve (e)
is the same as that in Fig.ure 135 for comn-
parison. (Reproduced from Junge, 1972 [284] .
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10J

Nd"""\ Background FIGUPTE 137. IDEALIZED DIAGRAM OF
SAeroso• THE VARIOUS COMPONENTS OF THE

UNDISTURBED MARINE AEROSOL. The
P, oduc',io diagram combines the information from

,0 ro " Sm-r-olctl-- several sources and tries to represent
Portile / / -. Sahara the present status of our knowledge.

C """ Below line (a) is the sea spray component
separated by line (b) into film and jet
particles. Line (b) is very uncertain

Sto anG tries to demonstrate the fact that
SSallt there is considerable overlapping of the

two production mechanisms. Between
'a W -line (0) and line (a) is the background
W b aerosol, some part of which at least is

of continental origin. Above about 10-4
__t -* cm the aerosol consists of about 15%

o of insoluble pa.t!!1es (at least over the - -.
10 Atlantic). Below I0-4 cm it consists

10- most likely of sulfate, perhaps (NH 4 )2904.
z Between lines (c) and (d) there is some
"V indication rf a component, which if con- -

-0"- firmed may represent a steady-state

distribution due to continuous production
of very small particles. In air masses

16' - -originaLing in Sahara dust storms the
additional dust component is represented
by line (e). All curves below abou. I0-4

- •cm are broken because they are rather
uncertain. (Reproduced from Junge,

1972 [284] )

RADIUS r cm .
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work are given by Stratton 13341 , van de Hulst [ 335] , and Kerker 1 336]

One can find the angular properties of the scattering cross section by utilizing the dimension-

less single -scattering phase function:

p(t), 0) = i2 (t)cos 2 0 + il(v,)sin 2 0 (414)

where i1 (t0) and 12(t() are given in terms of Bessel functions. The integral of the phase function

(414) over all space is related to the scattering cross section by:

as(r) =( f) J p(0,¼)sin Odtdo (415)

The angular properties of the scattering functions involve lengthy calculations, but they

have been carried out for a great variety of cases. A considerable amount of work has been

done by Gumprecht and Sliepeevich [337] ard by Denman, et al. 1338].

For hazes, clouds, and fogs, we have a polydispersion of water droplets. Therefore, in

order to find the scattering, absorption, and extinction coefficients, it is necessary to integrate

over the particle size distribution: that is,

o0

ko = af(r)N(r)dr (416)afa

0
0

k' = /Yot(r)N(r)dr (418)

0

334. J. A. Stratton, Electromagt:etic Theory, McGraw-Hill, N. Y., 1941.

335. H. C. Van de Hulst, Light Scattering by Small Particles, John Wiley and Sons, N. Y.,
1r"•7.

336. M. Kerker, The Scatteriag of Light and Other Eiectromagnetic Radiation, Academic
Press, N. Y., 1969.

337. R. 0. Gumprecht and C. M. Sliepcevich, Tables of Light-Scattering Functions for
Spherical Particles, University of Michigan, Amn Arbor, 1951.

338. H. H. Denman, W. Holler and W. J. Pangonis, Angular Scattering Functions for Spheres,
Wayne State University Press, Detroit, 1966.
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where k' a k' and k' are the volume absorption, scattering, and extinction coefficients,s

respectively.' The dimensions of k'a, k' and k' are reciprocal lengths. Absorption in the
a S

visible region of the spectrum is generally small, and ka' is only significant in the ultraviolet

and infrared. The spectral dependence of the scattering cross-section a (r) is not as great
5

as that for Rayleigh scattering. Thus

a (Rayleigh) - X"4 (419)

a (Aerosols) - X-1.3 (420) 4

From Eq.(420), it is clear that a thin haze will appear only slightly blue.

Knowing the number density of molecules in the atmosphere or the number density of

statistical fluctuations, one can find the corresponding absorption, scattering, and extinction

coefficients for Rayleigh scattering from Eqs. (416), (417) and (418). Likewise. one can also

find the coefficients k' a' k', and k' fcr aerosol scattering. Therefore

k' = k' + k' (421)a apRyleigh a Aerosol

k' = k' + k' (422)s SRayleigh SAeroso1

k' = k' + k'(43
Rayleigh Aerosol (423)

For an atmosphere, the number density of particles decreases with increasing altitude,

and it is conveaient to define a quantity which is a measure of the amount of extinction. This

quantity is the optical depth and is defined as (see Section 2.3):

q =f-k'(z)dz (424)

h

where h is some specific altitude and z is a variable altitude. The optical depth of the entire

atmosphere for a given atmospheric density profile is then

ao

q0 =f-k'(z)dz (425)

0

* All quantities are spectral, unless otherwise stated.
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If the particle size distribution function is independent of height, then

k'(z) = atN(z) (426)

and

q = a, N(z)dz (427)

h

Thus, we see that q = 0 at the top of the atmosphcre, and q = q0 at the bottom surface.

As illustrated in Figure 138, the scattering of radiation from aerosols is quite different

from that caused by density fluctuations (Rayleigh scattering) in the atmosphere. For com-

parison, the angular distributions resulting crom Rayleigh, aerosol, and isotropic scattering

are shown. F!:ure 139 shows the angular distribution of radiation scattered by a ha.e for

different wavelengths and, for comparison, the Rayl*igh function at 0.45 trm. The aerosol

and Rayleigh curves in Figure 139 are normalized tI different values and are not directly

comparable.

For radiative-transfer calculations, it would be convenient to have a simple analytical

expression describirg the phase function. One such function is the Henyey-Greenstein phase

function, defined as

p(cos 0) = 2 2 32 (42C)
( -2g 2cos 0)

where g is the average value of the cosine of the :catterhg angle L. Perhaps a more des-

criptive parameter is the anisotropy parameter il, the fraction of radiation scattered into a

forward hemisphere. Thus

21T 1 2
d(cos 6)dA (429)

0 1' -2g cos e)

Figure 140 show6 the Henyey-Greenstein phase function for various values of 17, and Figure

141 shows a comparison between the Henyey-Greenstein phase function and a more realistic

one by Deirmendjthn. For typical haze-type aerosols in the visible region, the valu,. of 77 is

approximately 0.95 (i.e., 95% of the radiation is scattered into the forward hemisphere.)
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Isotropic and Rayleigh Fuinetons
are Multiplied by Ten

300 600 90g, 1230
3300 3000 2700 2400

Water Aerosol-

(X .45. pm) Incident

S• ,-.--.•Direction

•--Rayleigh

/3300 3000 2700 2400

300 600 900 1200

FIGURE 138. ANGULAR DEPENDENCE OF SINGLE-SCATTERING PHASE
FUNCTIONS IN ANY AZIMUTHAL PLANE
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100 Rayleigh Function
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SCATTE'I"l'NG ANGLE

FIGURE 139. COMPARISON OF DElEIT, , ',NDJIANIS PiA.'ý7 F"UNCTIONS
AT JIFFEIT'NT WAVE LE GTUS FOR WATER IHA\ZE L
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10 2

go2

1 p'(cos 0) ( 2 2 3/2101 ( + g2 .2g cos)

? f- Jo p(cos ti) d(cos 0) dO

to 0 o
10o0

0

10

g =0.3.~=074

4-- 0.7140
g = 0.5 q 0.7751

g = 0.6 1-- 0.8292
2 g = g0.7 '- 0.8760

,0.o8 -, 0.9159
-=0. */ =0.9493

g = 0.97 1
:.0.9771

o- '1 I !0.99, 9
0 5 2 5
0 15 30 45 60 75 -30 105 120 135 150 165 180

SCATTERING ANGLE 0

FIGURE 140. HENYEY-GREENSTEIN PHASE FUNCTION FOR
DIFFERENT VALUES OF THE ANISOTROPY PARAMETER 17
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FIGURE 141. COMPAPT SON OF DEIRMENDJIAN'S PHASE FUNCTION
FOR WATER HAZE L AT - 0.45 Arn AND THE HENYEY-GREENSTEIN

PHASE FUNCTION WITH ANISOTROPY PARAMETER 7 = 0.9493
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10.3.4 VISIBILITY

In a parametric study of remote sensing techniques in the Earth's atmosphere, we should

include effects of atmospheric variability. We are primarily interested in the variations of

scattering properties in terms of short-term atmospheric conditions. The long-term, i.e.,

seasonal, variation is summarized quite well by Rcbinson [ 331].

One parameter which can be used for the description of the state of 2 * atmosphere is the

visual range, or visibility. In 1924, Koschmieder [ 340] assumed that the limiting 'ontrast

between objects in daylight was 0.02 in order for the objects to be just barely vis'.ble. Never-

theless, today it is quite conventional to use h s value, and we refer to his limiting contrast

as transmittance. Using this value, we find that a unique relationship exists between the

extinction coefficient K and visibility, V. According to Koschmieder's definition, we have

V = 3.9-1 (430)K

which ii shown in Figure 142.

It has been thought that dust particles emanating from volcanic eruptions significantly

affect the transmission of solar i ,diation. New aerosol-density profile data from the well

documented eruption of Agung, on Bali, have been analyzed and are used by Elterman [ 341j

to determine a current, universal, optical depth-altiLude relationship for wavelengths in the

range of 0.27 pm to 4.0 gm. We use this relationship In our computations. Based on measure-

ments by Curcio, Knestrick, and Cosden [ 3421, Elterman [ 343] has developed formulas for

the extinction coefficient as a function of visual range and wavelength. Using aerosol-density

scale heights, he further determined an optical depth-at!tf., rr.ati.=-n-z!.i Pw waivý&ivgihs in

the range 0.27 gm to 2.17 pm, with wavelengths selected in the infrared region to correspond

to windows, or regions where the transmission is large. This was done for a family of visual

ranges from 2 km to 13 km. A three-dimensional plot of this relationship is shown, for a

wavelength of 0.55 um in Figure 143. We make use of these parameters in a detailed

339. N. Robinson, Solar Radiation, American Elsevier Publishing Company, N. Y., 1966.

340. H. Koschmheder, Beitr. Phys. frelen Atm., Vol. 12, 1924, pp. 33-53; 171-181.

341. L. Elterman, UV, Visible, and IR Atterr-a~ion for Altitudes to 50 kin, Report No. AFCRL-
68-0153, Air Force Cambridge Researcih ,aboratorles, Bedford. Mass., 1968.

342. J. S. Curcio, G. L. Knestrick and T. H. Ccsden, Atmospheric Scattering in the Visible
and Infrared, Report Noo. 5567, U. S. Naval Research Laboratory, Washington, D. C.,
1961.

341. L. Elterman, Vertical Attenation Model with Eight Surface Meteorological Ranges 2 to
13 K'lometers, Report No. AFCRL-70-0200. Air Force Cambridge Research Labora-
tories, Bedford, Mass., 1970.
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FIGURE 142. VARIATION OF VISUAL RANGE WITH EXTINCTION COErFIC.ENT
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FIGURE 143. OPTICAL D)EPTH VERSUS VISUAL RANGE AND ALTITUDE
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analysis of radiative transfer in the atmosphere. We use a horizontzl, sea-level, visual

range. This range may also be the same for :. different atmospheric aerosol-density profile.

The pr3file used by Elterman is an exponential one; that is, the aerosol ntmber density

decreases exponentially with increases In altitudes. For additional information concerning

the optical properties of the atmosphere, consult Rozenburg (1968), Kondratyev (1960),

Robinson (1966), and Middleton [ 344] .

10.3.5 PARTICLE DISTRIBUTION TO SUPPLEMENT ABSORPTION
BAND MODEL CALCUILATIONS IN THE IR SPECTRUM

Both of the generally available methods, Aggregate and LOWTRAN, use a simple extinc-

tion term to accow•t for the usually small ?ffect of scattering in the infrared spectral reglon.

Each calls for particle densities and size distrwi u:)r.s which have b',n adopted from some of

the extensive, basic work that has been done in scattering phenomena. The Aggregate method

uses a maritime haze model for water droplets (see Hamilton, 1973) with a size dia.tribution

shown in Figure 144 (see also Ref.[ 345] and a particulate density distribatiGn bhuAM :fn

Figure 145).

The LOWTRAN model considers two aerosol models describing a "clear" and "hazy"

atmosphere corresponding to visibilities ef 23 and 5 km respectively at ground level. The

size distribution considered, as in the Aggregate method, to be the same for Pll altitudes,

is that suggested by Deirmendjian [346] for continental haze and shc-vn in Figure 146 with

the regions given by:

"Nr(r) = C I r- 4 for 0.1 t•m -5 r < 10 gm

"N r(r) = C1 •104 for 0.02 pm < r < 0.1 gim (431)

"N r(r) = 0 for r < 0.02 and r > 10.0

where CI = 8.83 x !0-4. The vertical distributioi. of particle densities for tie "clear" and

"hazy" atmospheres are given in Table 65. The Imaginary pirt of the refractive index of the

aerosols is considered to be zero below X = 0.6 prm, a•id to increase linearly from 0.6 to 2.0 gm.

344. W. X. K. Middletw, Vision Through the Atmoaphere, University of Toronto Press,
Tororto, 1952.

345. L. Elternian, "Parameters for Attenuation in the Atmosph:re Windows for Fifteen
Wavelengths," Appi. Opt., Vol. 3, No. 6, 1964, p. 745.

346. D. Deirmendjlan, "Scattering and Polarization Properties of Folydisnreed Suspensions
with Partial Absorption," Proc. hl.erdlsciplinary Cont. on Electromrnnctic Scattering,
Poesdam, Pergamon Pr.--- New York, 1963.
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FIGURE 144. MARITIME HAZE WATER
DROPLET DISTRIBUTION. (Reproduced

from Hamiliton, et al., 19 73 [19].

'tp

I\

FIGURE 145. AEROSOL NUMB!3R DENSITY VERSUS ALrITUDE
(Rdiprodiced froru Hamilton, et al., 1973 [191.)
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FIGURE 146. NORMALIZED PARTICLE SIZE
D)ISTRIBUTION FOR AEROSOl MODELS. (Repro-
duced from McClatciey, et a!., 1972 21] .)
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TABLE 65i. AEROSOL MODELS: VERTICAL DISTRIBUTION4S FOR A "CLEAR"
AND "HAZY" ATMOSPHERE. (From M~cClatchey, et al., 1972 [21].)

PARTICLE DENSITY
______________D (PARTICLES PER cm

Altitude 2. km Visibility 5 km Visibility
(kyn) Clear Hazy

0 2. 828E+03 1. 378E+04
1 1. 244E+03 5. 030E+03
2 5. 37 IE+02 1.844E+03
3 2. 256E+02 6. 731IE+02
4 1. 192E+02 2. 45 3E+02

5 8. 987E+G 1 8. 987E+01
6 6. 337E+01 6. 337E+01
7 5. 890E+0 1 5. e90E+01
8 6.069E+01 6. 06 9E+01I
9 5. 818E+0 1 5. 8!8E+01

10 5. 675E+01 5. 67 5E+01I
11 5. 317E+01 5. 317E+01
12 5. 585E+01 5. 585E+01
13 5. 156E+0l1 5. 156E+01
14 5. 04 8E+0 1 5. 048E+01
15 4.7.'4E-rOl 4. 744E+01
16 4.511E+01 4. 511E+01
17 4.458E+01 4. 458E+01
is 4. 314E+01 4. 31413+01
19 3. 634E+01 3. 634E+01
2(3 2. 667E+01 2. GG7E+g I
21 1. 933E+01 1. 93 3E-01I
22 1. 455E+01 1. 455E*01
23 1. 113E+01 1. 113E+01
24 8. 826E+00 8. 826E+00
25 7. 42 9E+00 7.429E+00 ~
30 2. 238E+00 2. 238E+00
35 5. 89013-01 5. 890E -0 1
40 1. 550E-01 1. 550E-01
45 4. 082E-02 4. 08213-02
50 1. 078E-02 f.078E3-02
'70 5. 55013-05 5. 55013-05

100 1. 969E-08 1. 969E-08
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S,/

The values in Table 65 are adjusted to match the Elterman (1968, 1970) coefficients at

0.55 Am wavelength. The effective grouwd-leve! visible range Is 23 km. The "hazy" model

Is the same as the "clear" model above 5 kin, but increased exponentially below 5 km to

yield an effective visible range at groand level to 5 km.

There is always an aerosol component in the atmosphere, even on very clear days, but

the Rayleigh limit, with K = 1.169 x 10" 2 kmi1, corresponds to a horizontai visual range of

336 kin. On the other hand, for large extinction coefficients such as those for a fog, the

visual range is only about 1.2 km. This haze-fog transition is shown in Figure 142.

/46
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Appendix

EARTH CURVATURE AND REF'RACTION

For the calculation of atmospheric ahsorption, the earth is su. ;.-mes considered as

being constructed of plane-parallel layers, as it usauIly iE for muitii.le &'.attering; or as Is

more often the case, it can be considered as made Qp of concentric layers, tounded by shells

which form concentric spheres with the curved (assumed circular) surface of the earth. The

first approximation in this model is to assume no refractlcn, as is done In *he calculation

with the Aggregate method described in Section 7.4. This is a reasonable approximation

since refractive effects are of miraor importance in most cases for which the accuracies are

of the order usually expected from band-model calculations; i.nd of less importance than

the effect of curvature. A schematic of this type of model is shown in Figure 76 in Section 7.

!n the LOWTRAN 2 model (see Section 7.5) refractive effects, which can be Important for

large zenith angles, are considered. Consideration of rctraction is not difficult but it

requires an addition to the numerical procedure In the conmputer program which should be

explained This description, which is slightly different from that tver, for LOWTRAN, has

been giwvtn previously in the 1967 State-of-the-Art report (Anding, 1967). The procedure

is straightforward and considers a spherical eart', surrounded by a spherical atmosphere.

!R is assumed that the atmosphere exists in spherical shells, each shell being homogeneous.

Under this assumption the refractive index will be conatant throughout a given shell,

changing abruptly aE one passes from one shell to the next. The slant path is defined by

the lowest point in the path Z1, the highest point in the path Z ,2 and the angle subtended by

and Z2 at the earth's center (see Figure A-1).

The first approximation to tie true path is the straight lHne joining Z and Z (see Figure

A-2). The angle 0 is divided into N equal angular increments A€1, AO 2 ," "' AO N where

is determined from the equation

max 2 "Z1 rangel
200 i2-000

where ZI, Z 2 and range are expressed in meiers. This method of incrementing the path

insures that a point be calculated at least every 200 m dItitude. aI is defined as the angle

between the line of sight and the radial line r 1. Point b is the point where the line of sight

intersects the second radial 'fne r 2. If a tapgent line tI is drawn through b which is normal

to r, it is obvious that the angle 02 will be given by[ _____- -- -~ 491
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FIGURE A-2. SCHEMATIC DIAGRAM OF ATMOSPHERIC REFRACTED PATH

493



2 1 FOR-MEFRLY WILLOW RUN LAUORATORIES. T.E UNIVE•SITY OF M1.C

[n2 (Re+Z 1

arc sin[ ( sin

when n1 and n2 are the refractive indexes of the lower shell and upper shell, 1 espectively

and Re is the radius of the eartn.

To determine the refractive index of any given shell a simple version of the results I

Edlen [3471 is used. This is given by:

(na. 1) X10i6=(77.46+-0.'459P H (43.49 0.34,2

where n = refractive index of air at temperature T and pressure P
a
X = wavelength in microns

T is in Kelvin

P is atmospheric pressure
PH 20 is the partial pressure of H20 vapor in millibars

As was stated previously, the refractive index of a given shell Is assueiid to be conf-tant

throughout the shell. Also, for purposes of this calculation it is assumed that the value o

for the l-th shell is the value calculaied for the lowest altitude of the shell. LOW.* 'AN

assumes an average value for the shell.

The angle 02 in Eq. (A-i) defines a new line of sight which intersects the radia1 line

point c. A tangent line t2 is drawn normal to r 3 . Then the refracted angle 0• is given by

Snell's law as before. This procedure is continued until ihe path intersects the ra-ial lint

passing through Z2 at point d. The altitude difference between Z and d is used to increal

the angle a. The entire proceduire is then repeated until the point d converges to Z withi
than 10 m. When the final refracted path is calculated, a range-altitude table is compilcd

the range is measured from the lowest point in the path.

LOWTMAN 2 has a thorough description of the procedure used in its program for diff

types of trajectories. The user- Is referred to Selby and McClatchey, (1972) for the descr-

which covers the cases delineated in Figure A-3 and specified as:

Type 1: Horizontal path, for which earth curvature and refraction are neglected

Type 2: Slant path between points at two different altituldes

Type 3: Slant path between a point in the atmosphere and space.

347. B. Edlen, "The Rdractive Index uf Air," !7troio[7ia, Vol. 2, No. 2, lCA, p. 71.
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FIGURE A-3. GEOMETRICAL PATH CONFIGURATIONS. (a) Horizontal paths
I'ype 1); (b) slant paths between tywo aIltudles HII and H2 (Type 2); and (c) crlant
paths to sp•ace (Type 3). For downvarud loc'.dng paths wheare HAHN < H2 < H1,
two trajectories are possible as ine!cated In (d) aPA (e). (Reproduced from

Selby and McClatchay, 19 72 [20] .
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SYMBOLS
Section*

A Absorptance, Absorptivity

A Constant (Quasi-Random)

A Area (cm 2 )

A Scattering parameters (Aggregate) 7n
A0  Variable (Smith) 8
A1  Variable (Smith) 8

A I Spectral parameters (Aggregate) 7

A2  Variable (Smith) 8

A2  Spectral parameters (Aggregate) 7

A3  Variable (Smith) 8

A3 Spectral parameters (Aggregate) 7

A Variable (Smith) 8
4

A4  Spectral parameters (Aggregate) 7
A5  Variable (Smith) 8

A6 Variable (Smith) 8
A(6) Spectral ahsorptance (Absorptivity)

A(L') Spectral absnrptance (Absorptivity)

AP SAbscrptane (Absorptivity) over a band

AAA Absorptance (Absorptivity) over a band

Aim Legendre polynomial expansion coefficient 3

At Legendre polynomial expansion coefficient 3
" ~3

A Matrix

a Constant (Quasi-Random) 7

a(T - To) Variable (Ellingson) 7

a Lorentz line modification constant 4

a Argument for Gamma function 8

a Rotational constant 4

a Slit width at half hitensity (cm

a1  Least squares parameter (Zachor) 8

a2  Least squares parameter (Zachor) 8

a'(T - T0 ) Variabla (Ellingson) 7

a Number density ratio (LOWTRAN) 7

av Number density ratio (LOWTRAN) 7

a f Scattering parameter 10

*Section numbers are omitted for symbols used throughout the report.
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Section

a Parameter (Smith) 8
B Self-broadening coefficient
Bn Scattering parameter (Aggregate) 7

Bv Rotational energy level parameter 4
Bw Band-model parameter (Gibson-Pierlhssi) 8Bw Band-model parameter (Gibson-Pierluissi) 8
Bw Band-model parameter (Gibson- Pierluissi) 8

b Breadth of strong lines (Benedict, et al.) 4
b Rotational constant 4
b Lorentz line modification constant 4
b Constant (Quasi-random) 7
b Maximum of particle distribution 10

b(T - To0 ) Variable (Lilingson) 7
b(u, y) Mixed Lorentz-Doppler shape =V'-- H(u, y)

aD
b(p, vi) Line-shape factor

b'(T - T0)2 Variable (Ellingson) 7
ba (A) Absorption coefficient (Agreg.ate-scattering) 7
bs(A) Scattering coefficient (Aggregate-scattering) 7
be(A) Extinction coefficient (Aggregate-scattering) 7ext(A
bh Equivalent absorber amount for H2 0 continuum (LOWTRAN) 7
by(z) Equivalent absorber amount for H20 continuum (LOWTRAN) '
b Scattering parameter 10
bf m Coefficient in spherical harmonics method 3
b Parameter (Smith) 8
C Exponcnt (Ellingson) 7
C Parameter (Zachor) 8
C(v) Spectral parameter (LOWTRAhI 7
C0 (61,) Expansion coefficient (Smith) 8
CI(Av) Expans'on coefficient (Smith) 8
C2 (Av) Expansion coefficient (Smith) 8
C (AV) Expansion coefficient (Smith) 8n
C2 Coefficient (Ellingson) 7

C2  Coefficient (Ellingson) 7
C1 (A) Spectral coeffrient (Aggregate) 7

// C2 (A) Spectral coeffic.i.nt (Aggregate) 7

C3(A) Spectrxl coeffictent (Aggregate) 7
C4 (A) Spectral coeffic;ent (Aggregate) 7
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Section
c Variable (D:ayson (=dw/dP) 6

c Fractional concentration of gases 7

c Rotational constant 4

c Velocity of light (2.j9793 x 10 cm-sec-1)

c(X) Spectral parameter (Aggregate) 7

c Parameter (Smi~i) 3

CLeast squares paameter (Zachor) 8

c Least squares parameter (Zachor) 8

D Number density

D Step size (Kyle) 6

Di Particle density in i-th layer (Aggregate) 7

Rotational energy level parameter 4

d Rotational constant 4

d Lorentz )ine modification coustant 4

d Line spacing (cm-l)

d Parameter (Smith) 8

E" Energy of lower state 7

EH Irradiance (solar, attenuated)

E1 Y(T Average ground state energy (Daniels) 7

EN(x) Exponential integral (Drayson) 6

E+ Diffuse irradiance in upward direction (Turr.*r) 3

E Diffuse irradiance in downward direction fT=tesr) 3

E Total downward irradiance (Turner) 3

Ev, Rotational energy level 4

E0 Extra-terrestrial solar irradiance
0-2_ -1

E Spectral irradiance (watt-cm -Jm")

E Spectral irradiance [watt-cmA2-(crul)"11

e Rotational constant 4

F Fourier transform rf slit function (Kunde and Maguire)
[=- f(jI - V* I, a)I 8

f Rotatiural constant 4
" ~~dL(x, y. 0. u, )

f BE-directional reflectance function = L x 00~, -j Ol ', 01).u 1 1,

Qv Vibrational energy level 4

SGunp Energy level, vibrational (unperturbed) 4

g Acceleration of gravity
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Section

g Subscript for gro'und level (Drayson'. 6

Average value cosine of thv scattering angle 0 10

Coefficient in energy level calculation 4

Polynomial coefficient (Ellingson) 7

H Operator 3

H Scale height (= In P) 7

H Line-widt~a factor (Ellingson) 7

H(u, y) Line-shape function (Kunde and Maguire) 6

Hv Rotational energy level parameter 4

h Distance (vertical) (cin, kmn)

h Planck's constant (6.62S.2 x 10~ watt sec)

h Halg width ratio (F'lingson) 2 (a la 7~

h iAbsorption -coefficient distribution function (Arking- Grossman) 6

1 Unit Operator 3

I(H, h) Line-shape function (Ellingson) 7

1(0 6, x) Specific intensity of reflected radiation (Invariant Bedding) 3

10 Bessel Function

Bessel Function

I Index

i Fxponent

J Rotational quantum number

JSource furction 2

Lower vibrational state

j Index

K Eddington field 3

K H2 0 continuum broadening absorption coefficient 6

K Weak-line parameter (Zachor) (= S/d) 8

K(A) Spectral coefficient (Aggregaie) 7

Kf(X) Spectral coefficient to:* foreign broadening (Aggregate) 7

K Coefficient (Scott) 6

K (A) Spectral co,4ficient f:)r self-broadening (Alrgregatel 7

K,(A Spectral coefficient (Aggregate) (=S/d) 7

K;(AW Spectra) coefficient (Aggregaje) [=(2irux)/dj 7

K 'A) Spectral coefficient (Agg-regate) [=S/(27ra 7)

k Boltzmann's constant (1.380'i0 X 102 3 erg-K1 )I

kCForeign broadening H2 ') contitkxuum coefficient (Ellingson) 7

kSelf -broadening H2 0 continuum coefficient (Ellingson) 7
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Sectio

k(A) Extinction coefficient (mass) (gmn-cm

k(,X) Index of refraction (imaginary part)

k'(X) Exctinction coefficient (volume) (cm-

k WA Spectral coefficient for H 0 continuum (Kunde and Maguire) 6
k(A Spectral coefficient for H 0 continuum) (Kunde and Maguire) 6

k () bsorptlon coefficient (mass)(= k in pure absorption)

k' Wx bsorption coefficient (volumne)a
k; (A) Scattering coefficient (volume)1/
k O(A) Doppler line-broadening factor (=(S/aD) (I n 2/17)/)

L Path length (cm)

Le V tvalent path length (cm) 5

adenburg-Reiche function

LB -Aiance (beam) 2

L 'adiance (diffuse) 2
L DN Radiance (downwelling) 2

L G Radiance (surface, or ground) L GL + L H+LG2
L GE Radiance (surface, emitted) 2
L GSRadiance (surface, diffusely-scattered) 2
L GH Radiance (surface, solar-reflected) 2

LH Radiance (solar) 2

L HS Radiance (colar, singly- scattered) 2

L1  Radiance (intrinsic)2
L P Radiance (path) %I=L PS+ L PE + L PMS) 2

LPE Radlanlce (path, emitted) 2

L rMS Radiance (path, multiply-scattered) 2
LRadiance (patch, singly-scattered) 2

Ls Sky radiance 3
L T Total radianse for downward loolking, observer (Turner) 3
L UPradiance (up-weliing) 2
LUpai n ei p a dd r cio S h~t r S h a z cid

LRadiance In. upwward direction (Schuster-Schwarzschild) 3

-2_ I- -1ILA Spectral radiance (waft-cm -ster -'m )
Spectral radiance (watt-cm -ster [ fcmI~ * ch 3 hcv/kT -1ILPlanck function (= 2 (e -)

LPlanck function' 2 c hXA5(ehcA~ 1)~

Fourier transform of radiance
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Section

L Average radiance over space (Ellingson) 3

f Angular momentum quantum number 4

# Number of lines in integration interval (Scott) 6

f' Path length (cm)

I Index
I Index (Daniels) '7

M Ratio of half-width to mesh size (Scott) 6

M Transition rate (Zachor) 8

M Radiant exitance (watt-cm-2

"M Kernel (maximum value) 3

M Molecular weight (gmn-mole

M mixing ratio

M. Pressure ratio (Aggregate) 7

M'(s) Ratio of partial pret ure of absorber to total pressure (Aggregate)7

M + Moment 3N

* M MomentN
M Radiant Exitance (caused by reflf.ction) 2p

M* Radiant Exitance (Planckia- (= wL*) (w/cm- 2)

m Exponent

m Index

"m Number of lines (I-unde and Maguire) 6

m P, Q or R branch index 4

m(W) Index of refraction (complex)

mh Mass density ratio (LOWTRAN) 7

m v Effective sant patth (LOWTRAN) 7

m Exponent (Smith) 8

N Numbet of atmospheric layers (Drayson) 6

N Number (of lines in a spectral interval) 5

N Number o,! integration points (Scott) 6

N(r) Particle Pize distribution

N Number of lines (Snmith) 8

n Exponent

n Index

n Parameter (Zachor) 8

n(k) Number of representation points (Scott) 6

n(X) Index of rifractlon (real part)

n Number of lines (Quasi-Random) 7r

P Pressure (atmospheres, mm Hg, mLar, etc.)
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Section

"-p Curtis-Godson equivalent broAdening pressure (Aggregate) 7

SMean pressure (Ellingson) 7

P Curtis-Cjodson equivalenit pressure 5

P(s) Probability distribution function (lire strength) 5

\ NPe Effeciive (equivalolnt) broadening pressure

PNLegendre polyrion-da1
\ PM lP>lynomial (Drayson)

Pi p• Effective pressure for foreign gas broadening (N2 continuum)(Aggregate)7

" pEfective pressure for self-broadening (N2 continuum) (Aggregate)7

"P1  Legendre .olynoirdal

T Associated Legendre polynomial

P' Aveiage pressure (Aggregate) [= (P 0 /w)_'l• [= (P0 /w)w 2 7

.9(a, x) Incomplete gamma function

p Partial pressu:e of absorbin6, gas

p Phase function, single-scattering

Q Intrinsic emission

Qext Extinction efficiency factor 7

a Scattering efficiency factor 7

q Intrinsic emission

*f qOptical path (depth, thickness) ( -k'()d~ 2

qll Least squares parameter (Zachor) 8

q Least squares parameter (Zachor) 8

q22 Least squares parameter (Zachor) 8

R Distance (total path) (cnl) 7

R Residual term (Smith) 8

RE Earth radius

r Index

r Number of atmospheric layers (Scott) 6

r Radius vector

r Particle radius

r Diffusivity factor (Elsasser) (= 1.667) 7

rc Mode radius of distribution function 10

Lnstegh(m-1 -1 -1 -1 -1
/ S Line strength (ginl-cm) [cm (atm-cm) I [cm- (mol cm-)

50S Line strength per unit pressure
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Section
S0  Line strength under standard conditions
SE Parameter, exponential tailed S1I random model 5

S,.. ) Average line strength (Daniels) 7

s Distance (slant, variable)

S Parameter, Elsasser Model (= 2vv/d)

T Temperature (Kelvins)

TO Standard temperature (usually - 273.16 K)
T Ground temperature 6

g

T I Average temperature 5
rh Temperature for homogeneous path (Aggregate) 7

T' Temperature at which band model parameters are dzhitinc
t Variable 5

t Tangent vector

u Doppler-Lorentz (Voigt) line broadening factcr [= (a L/aD) (, n 2)1/2]

V Visibility (Koschmieder) 10

v Vibrational qx. -.n..m number 4
W Equivalent widt.,

S.. WEquivalent width per unit pressure
W Variable (Smith) 8
WI Weights for integration (Scott) 6

Wij(CG) Curtis-Godson effective absorber amount (Daniels) 7
W1  Weights (Gaussian Quadrature) 6

w Absorber amount

w Adjusted absorber amrimt (Aggregate) 7
w2  Adjusted absorber amount (Aggregate) 7

w' Absorber amounf per km (LOWTRAN) 7
w* Equivalent amount of absorber (Aggregate) 7

"w Equiva.lent amount of absorber (LOWTRAN) 7

]' :wf Effective absorber amount, foreign bioadening N2 continuum "1
Wf (Aggregate)

SwiChristoffel Numbers

w f Equivalent absorber amount (Aggregate) 7
wk Weights for integration (Scott) 6

w Equivalent absorber amount (Aggregate) 7

w Scaled absorber amount 5

X Variable (Smith) {=f n [w (273 K/TJ} 8

x Variable (general)
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Section

x Variable (Quasi-Random) (= n P) 7

x Variable (Gibson- Pi3rluissi) 8

x Thickness of slab 3

x Particle size paranvster (= 21rr/A) 10

x Distance (horizontal) (cm, kin)

x Coefficient in energy level calculation 4

xi Abscissae (Gaussian quadrature) 6

Y Parameter (Elsasser, (= P34.,'sinh j3) 5

Y Variable (Smith) [I n (P/103 mb)j 8

y Distance (horizontal) (cm, km)

y Variable (Quasl-Random) (= f n w) 7

y Variable (Gibson-Pierluissi) 8

y Doppler line broadening variable 0 - v0/aD)(I n 2) 1/ 2 j 4

v Variable (Quasi-Random [= vi - PO (1/26)] 7

Yi~k Coefficient in energy level calculation 4

Z Vertical distance

Z Variable (Smith) (In (T/273 K)1 8

Zi Gaussian nodes (Ellingson) 7

z Variable (Gibson- Pierluissi) 8

z Distance (vertical) (r.m, km) 2

z Variable (Quasi-.Random) (=v, - 0- 1/26) 7

z Gaussian nc.•es (Ellingson) I

zT Top of the atmnosphere (Ellingson) 7

a Angle Appendix

a D Doppler line half width (cni1

a DPseudo Doppler half-width (Daniels) 7

I Effective half width 5

a1 (CG) Curtis-Godson half width (Daniels) 7

a L Lorentz line .half width (cm')

aOL Lorentz half width under standard conditions

0 Lorentz half-width at standard pressure, per unit pressure

% (=a LO/PO)

IaLC Characteristic Lorentz half width (Arking&Grossman) (= a L/d) 6
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Section

am+1 Matrix element 3

Band-model parameter (= 21a /d)

Band-model parameter (= 27aL0 /d) 8

Variable (Smith) ( 8

Band-model parameter (Quasi-Random) 2aD(In 2 ) 7

'm+, Matrix element 3

4Band-model parameter (= Sw/27ra) 8

6 Delta function

8 Exponent

8 Distance from line center (Kunde and Maguire) 6

6 Subinterval (Quasi-Random) 7
r

8js Shifted interval (Quasi-Random) 7

a Unshifted interval (Ouasi-Random) 7

A Layer thdckness L

A Displacement horn Line center (Kyle) 6

Emissivity

SRadiance, path rate of change 2

I Variable (Quasi-Random) (= 2z/ 6 ) 7

EM Wing contribution calculation (Quasi-Random, 7

eC(A) Emissivity of cloud (Aggregate) 7
C

E s(X) Emissivity of source (Aggregate) 7

11 Radiation scattered into forward hcmisphere (Turner) 3

1 Anisotropy parameter 10

17 Exponent

71 Variable (Quasi-Random) (= 2y/8) 7

4* -1-.

1,(T) Weighting function (Ellingson) 7

* Direction, azimuth angle

r(a) Gamma function

v Variable (Zachor) (= Sw/d)

,V Exponent

Y'(A, s) Sportaneous-emi ssion -coefficient

Y "(A, s) Stimulated-emission -coefficient

X(T) Weighting function (Ellingson) 7

Xi Parameter (Smith) 8
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Section

A Wavelength (in micrometers) (= 1/v)

p Direction (= cos 0) 2

v Frequency (wavenumber) (reciprocal centimeters) (= l/A)

v F Center of "inal interval (Quasi-Random) 7

VI Center of starting interval (Quasi-Random) 7

V0 Center frequency (cm"I) 4
V* Center of the slit width 6

AV(Zk Representation step (Scott) 6

S2 Solid angle (steradians)

Wi Coefficient in energy level calculation

W 0 Single scattering albedo

p Surface albedo 2

p Target reflectance
3

p Density (mass) (gms/cm3) 4

p Variable (Quasi-Random)(= 2aL/ 6 ) 7

p Background albedo 3

a (r) Absorption cross section

Gs (r) Scattering cross section

ot(r) Total extinction cross section

r Transmittance

r Average transmittance

T Fourier transform of transmittance functl.n (Kunde and Maguire) 6

"Approximation to actual transmittance

Transmittance with scattering (Aggregate) 7

Strong-!in. trzsriittance (Zachor) 8

rw Continuum Transmittance (Ellingson) 7
# Angle Appendix

8 Zenitn angle

0 Angie of scattering 10

8 Direction, elev2t ion angle 2
3(0, .) Theta function (Kyle) 6

SVariable (Smith) 8

41 Lorentz line parameter (Quasi-Random) S iw/,rL 7

Dopple r line parameter (Quasi-Random)E= (Siw/a D)( n 2/n)1/2] 7
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